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Abstract 
ABSTRACT 
This thesis contains the work perfonned on the preparation and cycloaddition of new 
dihydroimidazolium ylides. The work is organized as follows: 
Chapter 1 contains an introduction to imidazolines explaining their biological 
importance, their practical application and a review of synthetic methods for their 
generation and examples of their synthetic application. 
Chapter 2 contains a general review of the 1,3-dipolar cycloaddition reaction as an 
important and versatile tool for nitrogen heterocyclic compound generation. 
Particularly, it focuses on the components, mechanism, FMO and summarizes the 
well-established methods for azomethine ylide generation, and some examples of 
their use. 
Chapter 3 contains the results and discussion of the work perfonned towards the 
generation of dihydroimidazolium-derived azomethine ylides via conjugate addition-
proton transfer of Michael acceptors with imidazolines and intennolecular 1,3-DCA 
reaction with a dipolarophile to produce 2: I adducts. 
Chapter 4 contains the results and a discussion of the work perfonned towards the 
generation of dihydroimidazolium-derived azomethine ylides via transition-metal 
catalysed carbene-decomposition of diazocompounds and their insertion into 
imidazolines and intennolecular 1,3-DCA reaction with a dipolarophile. 
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Abstract 
Chapter 5 contains the results and a discussion of the work perfonned towards the 
generation of dihydroimidazoliurn-derived azomethine ylides and attempted 
intramolecular 1 ,3-DCA reaction with a dipolarophile tether. 
Chapter 6 contains the experimental procedures for the synthesis of the starting 
materials and for the reactions described in chapters 3 to 5, and the new products 
obtained. 
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Chapter 1 Introduction 
INTRODUCTION 
The interest of the organic chemistry community in natural product synthesis and 
new drug development is self-evident. Recently, structural diversity in collections of 
potential therapeutics is believed to have increased the rate at which new medicines 
are introduced. Nowadays, most medicines in use are still comprised of small 
synthetic organic molecules that often contain heterocyclic rings. However, the range 
of easily accessible and suitably functionalized heterocyclic building blocks for the 
synthesis of biologically active compounds remains limited. 
The development of new, rapid, and clean synthetic routes towards the generation of 
libraries of such compounds is therefore of great interest to both synthetic and 
medicinal chemists. 
CHAPTER 1: IMIDAZOLINES 
The imidazoline scaffold is an important heterocycle and an attractive synthetic 
target because it has been widely.encountered in natural products! and extensively 
used as a building block for the synthesis of pharmaceutically relevant molecules 
such as azepanams, dioxocylams and diazepinones? Its derivatives have been studied 
as some of the most important agonists or antagonists of u2-adrenoceptors3 or as 
receptor modulators.4 Their interactions with specific imidazoline binding sitesS 
result in a multiplicity of biological functions. 6 Furthermore, chiral 2-imidazolines 
have been used as templates for asymmetric synthesis or synthetic intermediates 7 and 
as chiralligands or auxiliaries for asymmetric catalysis.s 
1 
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This section briefly introduces some basic concepts concerning 2-imidazoIines and a 
description of the synthetic methods used for their generation. Also, their synthetic 
application as intermediates, auxiliaries and in natural product synthesis will be 
summarized. 
1.1 Nomenclature, structure and properties 
In Hantzsch-Widman nomenclature, azoles are five-membered heterocyclic 
compounds containing more than one nitrogen atom.9 The degree of saturation of an 
azole is detailed by changing the ending ---ale by aline and alidine.1O In the case of the 
imidazole ring, one degree of saturation will lead to an imidazoIine ring, as shown in 
Figure 1. There are potentially three isomeric imidazoIines and the numbering is the 
same as that used for imidazole. This thesis concentrates on the 2-imidazoIine ring 
system. 
Imidazole 
H 
I 
_N 
H2C 5 1\ I 2CH 
H2C.!.. :W' N 
H 
I 
_N 
H2C 5 1\ I 2CH2 HC~3/ N 
2-lmldazoline 3-lmldazollne 4-lmldazoline 
(4,5-dihydroimidazole) (2,5-dihydroimidazole) (1,2-dihydroimidazole) 
Figure 1 
The presence of an additional nitrogen atom in the ring, in comparison with pyrrole 
and pyridine rings, has important effects on the properties of the ring system. The 
lone pair of electrons of the pyrroIic nitrogen atom N-! is part of the aromatic sextet 
2 
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whereas the lone pair of the imine nitrogen atom N-3 is not involved in the 71-
electron system, providing a favourable point of attack for electrophiles. 
This additional nitrogen atom also causes a lowering in the energy levels of the 71-
orbitals, yielding less 7I-e1ectron-rich heterocycles. On the other hand, the N-atom 
has an inductive electron-withdrawing effect that can provide stabilization of 
negatively charged intermediates. Furthermore, the effects of the additional nitrogen 
atom can be seen in the acidity and basicity of the heterocycles. 11 The inductive 
effect of an increase in the number of nitrogen atoms causes a decrease in the 
basicity and a consequent increase in the acidity. 
N-Substituted 2-imidazolines are less soluble in water and other polar solvents than 
the non-substituted compounds, due to the reduced possibility of hydrogen bond 
formation in liquid and solid phases. In addition, N-unsubstituted 2-imidazolines 
experience a proton mobility effect that gives rise to tautomeric forms by proton 
transfer (Scheme 1).12 These tautomers interconvert too rapidly to allow their 
separation. However, in solution they can exist predominantly in one form, 
depending on the other ring substituents. 
. 
Scheme 1 
3 
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1.2 Methods for 2-imidazoline synthesis 
Although the most widely used methods for the formation of 2-imidazoIines involve 
ring-closure of 1,2-diamines, the latter can be prepared by several synthetic 
methods. 13 Some of the methods for preparing imidazoIines will be briefly surveyed 
in this section. 
1.2.1 From l,2-diamines 
Ladenburg14 and Hofmann1S prepared 2-methyl-2-imidazoIine in 19% yield by 
heating ethylenediamine and acetic acid. Chitwood and Reid16 improved the reaction 
yield by up to 26% of the imidazoIine when monoacetylethylenediamine 
hydrochloride was heated with sodium hydroxide. However the method acquired 
synthetic importance when a series of 2-alkyl-2-imidazolines was prepared by 
distilling or heating the appropriate diacylethylenediamine with sodium, magnesium, 
zinc, magnesium oxide or sodium hydroxide. Thus 2-methyl-2-imidazoIine was 
produced in 68% yield when heating diacylethylenediamine with magnesium at 
270°C (Scheme 2).16 
H 
I 
N 
C 'COR ..... COR N 
I 
H 
Mg 
.. 
Scheme 2 
H 
/ 
N C>-R 
N 
4 
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Later, Hill and Aspina1117 reported a series of 2-alkyl and 2-aryl substituted 
imidazolines by dehydration, heating monoacylethylenediamines alone or with 
calcium oxide (Scheme 3). 
H 
I 
N C 'COR 
NH2 
CaO 
H 
. J 
C}-R 
N 
Scheme 3 
Riebsomer18 prepared a number of 1,2-substituted-4,4-dimethyl-2-imidazolines by 
heating 1,2-diamines having one primary and one secondary amino group, with 
carboxylic acids in the presence of benzene. The mixtures were heated under 
conditions of water removal by azeotropic distillation and the products purified by 
distillation (Scheme 4). 
H 
I 
:rN ..... R Me Me NH2 o 11 Benzene + R'~OH -t.---i"~ 
R 
I 
N 
Me):}-R' 
Me N 
+ 
+ H20 
R 
I 
N 
Me I }-R' . 1 or 2 R'COOH 
Me>'-N 
Scheme 4 
5 
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Such highly substituted 2-imidazolines are frequently produced along with higher 
boiling complexes composed of one equivalent of imidazoline and one or two of 
fatty acid. Treatment with alkali liberates the imidazolines from the complex product. 
In addition, Chawla19 reported that di- or polycarboxylic acids react in the presence 
of mineral acids and at very high temperature, with 1,2-diamines and their salts to 
give products containing more than one 2-imidazoline ring per molecule. 
Salts of ethylenediamine condense with nitriles at 200-2S0°C to give 2-substituted 2-
imidazolines.2o Usually bis-p- or mono-p-sulfonate salts of ethylenediamine are used 
for this purpose (Scheme S). 
RCN 
H + x-
I C}-R + NH3 
SchemeS 
\ 
H 
Arylacetamides, when heated at ISO-200°C with an excess of anhydrous 
ethylenediamine, form 2-imidazolines in the absence of condensing agents or mineral 
acids. The same kind of reaction occurs when using thioamides (Scheme 6).21 
6 
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Scheme 6 
This method requires very drastic conditions, and consequently, it is not applicable in 
synthesis, especially when the 2-imidazolines fonned contain sensitive groups. 
Generation of2-substituted 2-imidazolines from ethylenediamine and an imino ether, 
imino thioether or thioamide proceeds under mild conditions and provides an 
alternative for the preparation of sensitive 2-imidazolines. 
The heating of iminoalkyl ethers or their hydrochloride salts with 1,2-diamine 
constitutes a satisfactory method for the preparation of 2-imidazolines (Scheme 7).22 
Also, reaction proceeds rapidly at ice-bath temperature in excellent yield. 
Scheme 7 
In Scheme 7, R' could be any alkyl group and R a variety of alkyl and aryl groups, 
as has been reported in the Iiterature.22 
7 
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Also, Drozdov and Bekhli23 reported the reaction of iminoalkyl ethers with 13-
hydroxy primary amines to produce 2-imidazoIines (Scheme 8). 
Scheme 8 
r 
__ i)-R' 
RJ-N 
1.2.2 From ammonia and carbonyl-containing compounds 
It has been reported by Strain that reacting ammonia with aromatic aldehydes24 or 
furfurafs generates hydroamides which can be cycIized on heating to yield 2,4,5-
substituted 2-imidazoIines (Scheme 9). 
o 
11 + NH4 --l_~ Ph~H 
PhHC=N, 
CH Ph 
PhHC=N/ 
Scheme 9 
1.2.3 Reduction of a-acetamido nitriIes 
H Ph I 
<l _ XN)---Ph 
Ph N 
2-ImidazoIines have been prepared in high yields via the reduction of the monoacetyl 
derivatives of a-aminonitriles by hydrogenation over Raney nickel (Scheme 10).26 
8 
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1.2.4 From N-allylbenzamide 
• 
Raney 
nickel 
Scheme 10 
Introduction 
This method involves condensation of an N-allylbenzamide with aniline in the 
presence of hydrochloric acid. A good example reported by Clayton27 shows the 
formation of 1,2-diphenyl-5-methyl-2-imidazoIine from N-benzoylallylamine and 
aniline (Scheme11). 
NH2Ph 
Scheme 11 
Methods described above correspond to the formation of non-chiral imidazoIines. In 
order to generate chiral imidazoIine some alternative methods can be used and are 
described in the following section. Chiral imidazolines are very useful compounds in 
natural product synthesis and can act as chiral auxiliaries in several reactions. 
9 
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1.2.5 From chiraI1,2-diamines 
Jones28 and Gilbert29 developed this method in which chiral diamines that could be 
generated by different procedures,l° form chiral 2-imidazolines by condensation with 
a suitable C-2 precursor at the carboxy oxidation level, such as an amide acetal 
(Scheme 12) or an imino ether or thioether. 
Scheme 12 
1.2.6 From amido alcohols 
Cbz 
I 
N 
RIll.' > R·~N 
This recent method31 constitutes a general procedure for the preparation of 
enantiopure imidazolines from amido alcohols 2, which are produced from amino 
alcohols 1, or from alkenes by asymmetric aminohydroxylation.32 Conversions of 
hydroxyamides 2 into chloroethyl imidoyl chlorides 3 and further reaction with 
amines by double chloride displacement led to enantiopure imidazolines in good 
yields (Scheme 13). This reaction proceeds by ring-opening of oxazolium chlorides, 
formed by cyciization of the initial alkyl chlorosulfites, and occurs with overall 
inversion of the configuration adjacent to RS• The conversion of chloroethyl imidoyl 
chlorides 3 into imidazolines 5 has been reported before but these precursors were 
obtained from imidates33 and alkenes34• 
10 
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HO),"\R5 R2COX o Ho),"\R5 SOC!2 
.. 
R2AN "IIR4 
.. 
H2N "IIR4 
excess 
H 
1 2 
NaOH 
• 
5 
Scheme 13 
1.2.7 From N-sulfonylimines and isocyanates 
This method is based on previous studies on the formation of trans-2-imidazolines35 
and cis-2-imidazolines,l6 using Ru(lI) and Au(I) complexes respectively. In order to 
approach optically active 2-imidazolines, this method involves a catalytic 
enantioselective aldol-type reaction of several N-sulfonylimines 6 with, for example, 
ethyl isocyanoacetate 7 using Me2SAuCI-ferrocenylphosphine catalyst under mild 
conditions (Scheme 14),37 
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Scheme 14 
2-Imidazolines are afforded in excellent yield and in an average of 95:5 eis/trans 
ratio. It was found that enantioselectivity is not affected by the electronic nature of 
the substituents on the phenyl ring of the imine 6 but it is by the substituents in the 
ester group on the isocyanoacetate 7. 
1.2.8 From oxazolones 
This method consists of a highly diastereoselective multi component one-pot 
synthesis of substituted 2-imidazolines.38 The latter are formed by reaction of 
oxazolones 8 with different imines, generated in situ by condensation of aldehydes 
with primary amines, in the presence of Lewis aeids (TMSCl) (Scheme 15). 
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Scheme 15 
The proposed reaction mechanism for this process is shown in Scheme 16, and 
involves a dipolar cycloaddition (see later) of an azomethine ylide formed from the 
oxazolidinone 9. 
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1.3 Reactivity of 2-Imidazolines 
1.3.1 General reactions 
1.3.1.1 Salt formation 
2-Imidazolines are strong monoacidic bases that can be titrated with hydrochloric 
acid. They form complexes with salts of silver, copper and cobalt. 16 They also form 
salts with a range of acids, such as hydrochlorides, chloroplatinates and picrates, 
which can be used for the identification or characterization of 2-imidazolines; the 
picrates are especially useful in this respect. 17 
1.3.1.2 Hydrogenation and dehydrogenation 
Imidazoles can be reduced with hydrogen over a catalyst to 2-imidazolines but 
further hydrogenation is extremely difficult due to the chemical stability of the 
imidazolines. On the other hand, 2-imidazolines may be dehydrogenated to 
imidazole by heating at ISO-2S0°C over a metal catalyst such as nickel, iron, 
platinum, palladium, copper or silver.39 Imidazolines substituted and unsubstituted at 
the I-position can be dehydrogenated using a nickel-petroleum paste in excellent 
yields. Potassium amide has been used in the dehydrogenation of amarine 12 to 
lophine 13 (Scheme 17).26 
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Scheme 17 
1.3.1.3 N-Alkylation 
2-Substituted 2-imidazolines undergo N-alkylation by heating with alkyl halides in 
such solvents as benzene, toluene, n-butanol, or aqueous ethanol. 39,40 The reaction is 
complex and highly dependent on the reaction conditions, forming a variety of 
compounds, as can be observed in the alkylation of 2-methyl-2-imidazoline where 
the imidazolinium chloride, mono-alkylation and di-alkylation products are observed 
(Scheme 18).10 
H 
I 
N C)-CH3 
N benzene, I!. 
Cl 
H + 
I 
N C )-CH3 + 
N 
\ 
H 
Scheme 18 
This tendency to undergo mono- and dialkylation to give 2-substituted 1,3-dialkyl-2-
imidazolines39,40,41 can be explained in terms of the resonance stabilization of the 2-
substituted 1,3-dialkyl-2-imidazolinium ions (Figure 2). There are contributions 
from near equivalent canonical forms, similar to the salts of l-alkyl-2-imidazolines 
that account for the basicity of2-imidazolines. 
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1.3.1.4 Ring-opening 
1.3.1.4.1 By hydrolysis 
A highly characteristic property of the 2-substituted 2-imidazolines is their easy 
hydrolysis with the formation of N-acylated ethylenediamines (Scheme 19),17 
Heating in aqueous solution with or without alkali or acids is frequently sufficient to 
bring about this transformation. The 2-aryl-2-imidazolines are less susceptible to 
hydrolysis than 2-alkyl-2-imidazolines. Salts of 2-imidazolines are more resistant to 
hydrolysis than free bases, probably due to the stability of the corresponding cation 
as illustrated in Figure 2. 
H 
I 
N erR 
N 
Scheme 19 
16 
Chapter 1 Introduction 
1.3.1.4.2 By acylation and sulphonation 
Benzoylation under Schotten-Baumann conditions provokes ring-opening of the 2-
imidazolines instead of generating the N-benzoyl derivatives. Thus, treatment of 2-
methyl-2-imidazoline with benzoyl chloride and aqueous sodium carbonate produces 
N,N' -dibenzoyl-N-acetylethylenediamine in addition to other substituted products 
(Scheme 20).41 
H 
/ 
N C )-CH3 
N 
PhCOCI 
.. 
Na2C03 
COPh 
I 
COPh 
I 
CNyCH3_K_OH_< NH 0 EtOH 
C
NH 
NH 
I 
COPh 
I 
COPh 
Scheme 20 
Hydrolysis of the diamine with potassium hydroxide in ethanol produces two 
different deacylated compounds depending on which substituent is expelled during 
the process. Thus, the relative strength of the nitrogen-acyl bonds in the intermediate 
triacyl derivative is the determining factor. 
This is well exemplified in the sulfonation of 2-imidazolines with phenylsulfonyl 
chloride, where after a similar process only the N,N'-
17 
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diphenylsulfonylethylenediamine is formed since the sulfonamide bond is more 
stable than the carboxamide (Scheme 21).41 
H 
I 
N C>-CH3 
N 
1.3.2 Synthetic intermediates 
Scheme 21 
Several studies on the use of 2-imidazolines as chiral auxiliaries for asymmetric 
synthesis have been reported. Dalko and Langlois42 used 2-imidazolines for the 
stereoselective preparation of quaternary centres in benzylic positions. They 
observed that dianions derived from C2 symmetric chiral imidazoline 14 undergo 
diastereoselective alkylation in the presence of alkyl halides 15 affording fully C-
substituted centres 16 in excellent yield (Scheme 22).8 
1) 2,2 eq, BuLi, -25°C Ph;C/I,. N M~ -
--------------4~~ ~ ~ 
2) 1.1 eq, Mel (15), THF 
-78°C, 4-6 h, Ph N, 
86% H 
14 16 
de>9S% 
Scheme 22 
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The presence of electron-donating substituents on the aryl side chain resulted in a 
decrease in selectivity. Alkylation of monoanions derived from N-alkylated 
imidazolines proceeded with slightly lower diastereoselectivity. C-Alkylation of non-
chiral 2-imidazolines has also be achieved by the Jones group via lateral metaIIation 
of a C-2 substituent using either benzyl or tert-butoxycarbonyl (Boc) as the N-I 
protecting group of the 2-imidazoline.43 
1.4 Practical application and pharmacological activity 
2-Imidazolines have found a wide range of applications in a number of different 
fields. Their surface-active properties make them useful as emulsifiers, textile 
finishing and softening, flotation agents, and asphalt derivatives. Also of interest are 
the fungicidal properties and bacteriostatic activity against streptococci, 
pneumococci, staphylococci, and Shigella dysenteriae.41 , 42 
Nowadays, the biological activity of organic compounds it is a key point for the 
research interest of organic chemists. In that sense, imidazoline compounds and their 
derivatives constitute an important synthetic target. They have been found to play an 
active role in the central nervous system (CNS) first through their interaction with 
adrenoreceptors3 and then with another set of receptors, now recognized as 
imidazoline receptors or imidazoline binding sites.44 
The central nervous system (CNS), which comprises the spinal cord and brain, 
interprets the stimuli, detected by the peripheral nervous system (PNS), and 
organizes an appropriate response that is then relayed by the motor nerves of the 
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PNS to the appropriate organ of the body (Figure 3).45 The motor nerves of the 
autonomic nervous system control involuntary functions and the system is divided in 
two smaller systems: adrenergic (sympathetic) and cholinergic (parasympathetic), 
having opposite effects. 
o Sensory Spine Brain ) Nerve 
Stimulus 
[ Response Muscle r Motor Nerve 
Figure 3 
A remarkable difference between the adrenergic and cholinergic nervous systems is 
the chemicals they use to transfer the signal between the nerves and the target 
function, the neurotransmitters. The principle neurotransmitter of the adrenergic 
system is noradrenaline 17 and for the cholinergic system it is acetylcholine 18 
(Figure 4). The structural differences between them allow their interaction with 
different receptor sites and prevent their interference. 
OH OH 
0 HO NHMe HO NH2 )l~~Me3 
Me 0 
HO 17 18 HO 19 
Figure 4 
The adrenergic system also possesses the ability to stimulate the production of the 
hormone adrenaline 19. These neurotransmitters are detected and interact with some 
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receptors sites of the adrenergic nervous system.46 These are composed of a protein 
that is looped back and forth through the cell membrane such that it creates seven 
transmembrane a-helices (lM), each linked by hydrophilic sections of a peptide 
chain. Variation in the sequence of amino-acids of the hydrophilic portions of the 
peptide chain generates a variety of receptors. Figure 5 shows both adrenaline and 
noradrenaline molecules binding to the adrenoreceptors a and 13, respectively.47 The 
four principle intramolecular binding interactions are shown as dashed lines and 
involve different functional groups. 
H OH H / di' .... H O······H-O N 
"" : .... H 
1.& ./ 
O······H-O CO' 
, 2 
H 
Alpha - Adrenoceptor 
Figure 5 
/H dj'OH + ~+CH' O ...... H-O N CH, 
"" . \ I : H . .&.: CH, 
O ...... H-O CO' 
, 2 
H 
Beta - Adrenoceptor 
Lipophilic 
Pocket 
As can also be observed in Figure 5, the hydrophobic pocket built into the 13-
adrenoreceptor can accommodate bulky substituents from the N-alkylation of 
noradrenaline. There are four subtypes of adrenoreceptors: aI, a2, 131, 132. 131 
receptors are mainly found in the cardiac muscle and 132 in all other smooth muscle 
tissue; al receptors are pre-synaptic and the a2 receptors are post-synaptic. 
Aside from the neurotransmitters introduced above (Figure 4), perhaps the most 
important class of compounds that interact with adrenoreceptors are those that 
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contain an imidazoline moiety. These imidazolines are all synthetic and as such, are 
agonists (promotes an action) or antagonists (suppress an action) of adrenoreceptors 
and not neurotransmitters. Many imidazoline derivatives have therefore been 
synthesised and their biological activity tested for medical purposes, for example the 
compounds illustrated in Figure 6. 
Prlscol20 
Clrazollne 22 
~" ~ ~ C>-NH Cl 
N 
Clonldlne 21 
Idazoxan 23 
Figure 6 
Priscol 20 is an a,2-adrenoreceptor agonist that acts to reduce the blood pressure by 
dilating the small arteries, being of special value in peripheral vascular spasm and 
circulatory disturbance.48 Clonidine 21 is also an antihypertensive.44 Cirazoline 22 is 
selective for the a,-adrenoreceptor group as a whole49 and idazoxan 23 is used as an 
antidepressanfiO and in a severe variant of Parkinson's disease.51 However, studies 
into the antihypertensive activity of 21 (c1onidine) have revealed that in addition to 
a,2-adrenoceptor activity there were other receptors involved, now called the 
imidazoline receptors. 
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The identification and characterisation of imidazoline receptors52 has led to an 
accumulation of data showing their possible role in the regulation of monoamine-
oxidase enzyme (MAO),53 potassium channels,4 mood disorders (S23229 and 
S23230),5 and possibly also in the pathogenesis of Alzheimer disease and 
depression.6 Furthermore, this took on extra importance when it was discovered that 
imidazoline receptors are found in the central nervous system and not only in the 
adrenergic system and are functionally and biochemically different from the a2-
adrenoreceptors.54 
It is clear therefore that syntheses that produce imidazolines have significance in a 
pharmacological sense as well as in synthetic methodology. 
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CHAPTER 2: THE 1,3-DIPOLAR CYCLOADDITION REACTION 
As this thesis will focus on 1,3-dipolar cycloaddition reactions using imidazole-based 
dipoles, it is appropriate to present here an introduction to this important reaction. 
The history of the 1,3-dipolar cycloaddition goes back to CurtissS and Buchner,56 
who first discovered 1,3-dipoles and described the 1,3-dipolar cycloaddition, 
respectively. 
The general principle of the 1,3-dipolar cycloaddition reaction was recognized in 
1963 by Huisgen,S7 who identified its application for the synthesis of five-membered 
heterocyclic compounds. It is nowadays a valued synthetic tool and it has been used 
in many natural product syntheses, such as (-)-quinocarcin,s8 (-)-carbovir,s9 (a 
potential agent against the threat of AIDS) and (+)_coniine.60 
There are many different methods for the generation of nitrogen heterocyclic 
compounds, such as the well-known Fischer indole synthesis,61 Radziszewski and 
Wohl-Marckwald imidazole syntheses,62 Bischer-Napieraslski reaction for 3,4-
dihydroisoquinoline63 and Paal-Knorr synthesis of pyrroles.62 One approach to 
nitrogen containing heterocycles, with a good prospect of stereocontrol, is the 1,3-
dipolar cycloaddition reaction of azomethine ylides.64 
In this chapter, some of the concepts of the 1,3-dipolar cycloaddition reaction will be 
introduced, such as its components, the mechanism of the reaction, a frontier 
molecular orbital treatment and a classification. 
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2.1 Basic Aspects 
1,3-Dipolar cycloaddition reactions are bimolecular in nature and involve the 
addition of one of the components, a 1,3-dipole 24, to a It-bonded system, a 
dipolarophile 25, leading to five-membered heterocycle 26 (Scheme 23). 
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,&b,-
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The 1,3-dipole and the dipolarophile can be two different species reacting in an 
intermolecular 1,3-dipolar cycioaddition or can be part of the same molecule 
reacting as an intramolecular 1 ,3-dipolar cycioaddition. 
2.1.1 1,3-Dipole 
A 1,3-dipole can be described as an a-b-c system over which four It-electrons are 
distributed in three parallel p orbitals. The three atoms constituting the 1,3-dipole can 
be a wide variety of combinations of C, 0, Nand S atoms (Figure 7), although the 
central atom needs to carry a lone pair of electrons.65.66.67 The term 1,3-dipole 
emerged because in valence bond theory such compounds can only be described in 
terms of dipolar resonance contributors (Figure 8).66 1,3-Dipoles can be divided into 
two different types: the allyl anion type and the propargyl/allenyl anion type. The 
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allyl anion type contains four electrons in three parallel pz orbitals, perpendicular to 
the plane (xy) oftbe dipole. 
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The propargyl/allenyl anion type has an extra 7t bond in the plane xy perpendicular to 
the allyl anion MO. This additional 7t bond makes 1,3-dipoles of the 
propargyl/allenyl type linear, while those of the allyl type are bent.68 Both of them 
can be expressed as resonance forms with the cationic centre as a sextet or an octet. 
a) Allyl anion type 
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Figure 8 
octet structure 
sextet structure 
octet structure 
sextet structure 
As it can be observed in Figure 8, "heteroallyl anion" systems of I ,3-dipoles have an 
ambivalent character (nucleophilic and electrophilic).68 
These resonance structures and especially the extreme 1,3-dipolar form (allyl anion 
type form), with their complementary nucleophilic and electrophilic centres, explain 
the tendency of the dipoles to undergo cycloaddition to 7t-bonds. Houk and 
Yamaguchi have reviewed the extensive computational work performed toward a 
complete characterisation of the I ,3-dipoles. 69 
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2.1.2 Dipolarophile 
A dipolarophile is a two atom compound d-e multiply bonded, usually an alkene or 
an alkyne. The essential element is the presence of a 1t bond. The reactivity of the 
dipolarophiIe depends at the same time on the substituents on the 1t bond and on the 
nature of the 1,3-dipole used in the reaction. Conjugation with electron-attracting or 
electron-releasing substituents can increase the dipolarophiIic activity of a multiple 
bond with an appropriate dipole. 
The fact that the dipolarophiIe could have a large variety of structures makes the 1,3-
dipolar cycIoaddition a very flexible reaction. This does not imply that every 
dipolarophiIe is able to react with every possible 1,3-dipole. 
2.2 Frontier Molecular Orbital (FMO) Theory 
The reactivity, reaction pathway and products formed in any organic reaction are 
explained mainly by interaction of the corresponding molecular orbitals and 
controlled by the energy difference between the frontier orbitals HOMO (Highest 
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular OrbitalfO 
although occupied orbital repulsions and charge attraction/repulsion also contribute. 
Sustmann first applied FMO theory to the 1,3-dipolar cycIoaddition71 and has 
categorized 1 ,3-dipolar cyc1oaddition processes into three types (Figure 9).72 
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Figure 9 
Type I - HO Controlled - The smaller FMO gap is HOMO(dipole)-
LUMO(dipolarophile). The electrons to form the newer bonds are donated by the 
HOMO of the 1,3-dipole. These reactions are accelerated by electron-donating 
substituents on the 1,3-dipole, which increase the energy of their HOMO, and 
electron-withdrawing substituents on the dipolarophile, which decrease the energy of 
its LUMO. This pattern is typical for dipoles such as azomethine ylides and 
azomethine imines and electron-deficient dipolarophiles. 
Type 11 - HO, LU Controlled - The electrons to form the newer bonds are donated 
by either the HOMO of the 1,3-dipole or the dipolarophile, where the two HOMO-
LUMO energy gaps are comparable. Such reactions are accelerated by either 
electron-donating or electron-withdrawing substituents on either of the components. 
Reactions of nitrones and nitrile oxides are usually classified as type n. 
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Type III - LU Controlled - The smaller FMO gap is LUMO(dipole)-
HOMO(dipolarophile). The electrons to form the new (J bonds are donated by the 
HOMO of the dipolarophile. This type of reaction is accelerated by electron-donating 
substituents on the dipolarophile, which increase the energy of its HOMO, and 
electron-withdrawing substituents on the 1,3-dipole, which decrease the energy of its 
LUMO. Examples of these reactions include the 1,3-dipolar cycIoaddition reactions 
of ozone and nitrous oxide with electron-rich dipolarophiles. 
We can predict the type of reaction and the frontier molecular orbitals involved in 
them by looking at the energy of the FMO of the 1,3-dipole and dipolarophile and 
the energy difference between them. A mathematical relationship that describes their 
interaction is the energy term for the second-order perturbation theory introduced by 
Coulson and Longuet-Higgins (Figure 10):70,73 
CHOMOCLUMO M oc -..!..!..>:='---"==--
E HOMO - E LUMO 
Figure 10 
In this expression, CHOMO and CLUMO are the orbital coefficients for the reacting 
atoms, a measure of the contribution that the molecular orbital is making to the new 
bond being formed and the denominator is the energy difference between the HOMO 
and the LUMO of the two components. These FMO energies can be affected by the 
substitution on the 1,3-dipole and the dipolarophile, as mentioned above. This 
simplified equation assumes that it is the HOMO-LUMO interaction which mainly 
determines the reactivity. 
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2.3 Mechanism of the 1,3-dipolar cycloaddition 
In order to determine the mechanism for the 1,3-dipolar cycloaddition reaction, 
several factors such as solvent dependence, stereochemistry, regioselectivity, 
transition states and activation energies have been studied in parallel by Huisgen and 
Firestone.68.74.76 Huisgen's mechanism describes the reaction as a concerted, one-step 
pathway with a single transition state, while Firestone has proposed a stepwise 
mechanism with a diradical intermediate (Scheme 24). 
d=e 
concerted 
.. Huisgen mechanism 
/ 
Firestone mechanism 
Scheme 24 
Generally a concerted mechanism [7t4s + 7t2s] as proposed by Huisgen75 is accepted, 
but it is not necessarily synchronous and its cyclic transition state is slightly polar 
(Scheme 25). In the transition state the two new bonds are partially formed, although 
not necessarily to the same extent. 
.. 
:~~N .......... ~/R 
---- \ / 'R , , • 
'- ____ J 
Scheme 25 
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According to the Woodward-Hoffmann rules77 the three pz orbitals of the 1,3-dipole 
and the two pz orbitals of the dipolarophile combine suprafacially (27), as opposed to 
the notion that it reaches a planar transition state (28) where all five centres of the 
1,3-dipole and the dipolarophile are in the same plane (for example, Figure 11).74 To 
reach a planar transition state would imply extra energy for bond rotation and loss of 
resonance delocalisation in the allyl type 1 ,3-dipole, bent in the ground state. 
28 
27 
Figure 11 
2.3.1 Solvent effect 
1,3-Dipolar cycloadditions are only moderately influenced by solvent polarity. 
Increasing solvent polarity makes the rate of the reaction increase by a factor of 10 at 
most.57 The term "1,3-dipole" does not imply a high dipole moment. In some 
resonance structures of the I ,3-dipole, the anionic charge is distributed on either side 
of the positive centre, giving a kind of''tripole'' that seems to be poorly solvated.78 
32 
Chapter 2 Introduction 
The limited solvent effect is consistent with a concerted pathway for 1,3-dipolar 
cyc1oadditions. 
2.3.2 Regioselectivity 
Two directions of the 1,3-dipolar cycloaddition are possible if both components, 1,3-
dipole and dipolarophile, contain non-identical terminal1t centres. 
This may be the result of the best overlap of the interacting orbitals. The atoms at the 
termini of the reacting components with the largest orbital coefficients combine 
preferentially.65,70,71 
2.7 7.0 
Scheme 26 
With respect to the dipolarophile, the less substituted dipolarophilic multiple bond is 
generally preferred (Scheme 26).79 Thus, the transition state of polycentric additions 
can also be very sensitive to steric effects.71 
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2.3.3 Stereospecificity 
The term stereospecificity concerns retention or inversion of the configuration of the 
reactant structure during the course of the reaction. Stereospecificity is an important 
criterion for the concertedness of the reaction but this is not conclusive evidence for 
a concerted mechanism since it may be feasible for the cyclisation to occur much 
faster than bond rotation in a two-step process, thus retaining the stereochemistry of 
the reactants. In 1,3-dipolar cycioaddition reactions, high stereospecificity is usually 
observed and retention of the configuration in the dipolarophile has been shown by 
Huisgen.68 
When chiral centres are generated in the cycloaddition reaction, diastereomeric cis or 
frans products may be formed via endo- or exo-oriented transition states (Scheme 
27). 
+ ...... 9 MeN~Ph 
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Scheme 27 
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Attractive 1t overlap of unsaturated substituents favours an endo transition state 
while repulsive Van der Waals steric interactions favour an exo transition state. 
The stereochemistry of 1,3-dipolar cycloaddition reactions is analogous to 
isoelectronic Diels-Alder reactions; it is syn stereospecific and endo orientation in the 
transition state is usually preferred, as shown in the example in Scheme 28,80 where 
two diastereomers from the two types of endo orientation of the dipolarophile 
towards the 1,3-dipole are formed in a 1: 1 ratio. 
H N N 
TMSyN Ph Me02C\ \ tOluene. PhxPh Ph}tPh Y + t.5h 
~, .... ~ 0 00 Me ~ ~ 
2 Me02C C02Me Me02C C02Me 
46% 47% 
Scheme 28 
2.4 l,3-Dipolar cycIoaddition reactions using azomethine yJides 
One of the most important classes of 1,3-dipolar cycloadditions, and one that forms 
the basis of this thesis, involves azomethine ylides. Furthermore, the latter constitute, 
especially in heterocyclic chemistry, one of the simplest and most efficient methods 
for the construction of nitrogen-containing five membered rings. They have been 
extensively exploited for the synthesis of alkaloids. Examples include an isoindole 
alkaloid from the Mexican sponge Reniera,81 retronecine,82 (±)-cynometrine83 and 
other natural products such as eserethiole84 and (±)-trachelanthamidine.85 
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2.4.1 General concepts 
Azomethine ylides are allyl anion-type 1,3-dipoles comprising four 7t electrons 
spread over two extreme carbon atoms and a central nitrogen atom, and as such they 
can be drawn in four zwitterionic resonance forms (Figure 12). 
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Figure 12 
In the ground state the 1 ,3-dipole is bent and can, when substituted, adopt four 
different shapes: W-shape, U-shape and two S-shapes (Figure 13).86 The 1,3-dipolar 
cycloaddition of azomethine ylides with different dipolarophiles can generate up to 
four new stereogenic centres, potentially as a mixture of stereoisomers. Nevertheless, 
high levels of stereoselectivity are usually obtained.87 In the resulting five-membered 
ring pyrrolidine product, the chiral centers at C-2 and C-5 are derived from the 
precursor azomethine ylide. In general, for a suprafacial reaction, W-shaped and U-
shaped ylides form 2,5-cis-disubstituted cyclic amine products and S-shaped ylides 
form the 2,5-trans-disubstituted diastereomers. However, steric or conformational 
effects may have a significant influence on the stereoche,mistry of the major product. 
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W-shaped yllde U-shaped yllde S-shaped yllde 
j\ R3 j \ R3 
Figure 13 
The relative orientation of the substituents on the dipolarophile correlates directly 
with the stereochemistry at C-3 and C-4 in the cycloadduct. For example, cis-
disubstituted alkenyl dipolarophiles will lead to 3,4-cis-disubstituted cyclic products_ 
Apart from being stereospecific the 1,3-dipolar cycloaddition reaction is 
stereoselective, wherein substituents on the dipolarophile can adopt an orientation 
endo or exo to the newly forming ring. The general preference, if orbitally directed, 
is the formation of the endo isomer as in the Diels-Alder reaction. 
In terms of FMO theory, the reactions of electron rich azomethine ylides with 
electron-deficient dipolarophiles are Sustmann type I - HO-Controlled reactions88 
(Figure 14). Thus, every factor that decreases the energy gap between HOMOdipole 
and LUMOdipolarophile will increase the efficiency of the reaction.89 In the case of 
azomethine ylides, the HOMO energy will be raised by electron-donating groups 
and/or conjugative ones (alkyl, alkoxy, aryl) and the LUMO energy of the 
dipolarophile will be lowered by electron-withdrawing groups. 
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Dipolarophlle Dipole 
Figure 14 
The most favorable interaction will be between the HOMO of an unstabilized 
azomethine ylide dipole and the LUMO of an electron-deficient dipolarophile (Z 
substituent), a conjugated dipolarophile (C substituent), or an alkyl-substituted 
dipolarophile (R substituent) rather than an electron-rich dipolarophile (X 
substituent) (Figure 15).86 
E(ev) 
-- +3 
LUMO +1.4 -- +2 
-- 0 -- +1 
HOMO t -6.9 
Dipole 
-t -10.9 t -9 +.9 t-8 
/'x 
Figure 15 
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In the case of stabilized azomethine ylides, the latter contain electron-deficient 
groups which lower the energy of the HOMO and moderate the dipole reactivity. 
They are reactive enough to perform cycloadditions with highly electron-deficient 
dipolarophiles such as acrylate, maleimide and DMAD, as is shown in Scheme 29. 
Me02C H Ph Ph 
HVC02Me Meo2cy~yC02Me Me02CIII"q~ .,\\\C02Me N I!. + DMAD I --l"~ -----....... ~ 
~ H H 
Me02C C02Me 
Scheme 29 
2.4.2 Methods of azomethine ylide generation 
Generation of the ylides takes place usually in situ and generally they are not 
isolated.9o They will further react with a dipolarophile present in, or introduced into 
the reaction mixture to undergo 1,3-dipolar cycloaddition. Although established 
methods for azomethine ylide generation have proved to be general and efficient, 
new strategies are continuously being researched and developed. Some of the well-
known methods used to generate azomethine ylides are discussed in this section. 
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2.4.2.1 Desilylation 
The method developed by Vedejs91 consists of the preparation of nonstabilized 
azomethine ylides by the fluoride-mediated desilylation of N-
(trimethylsilylmethyl)iminium salts. These are obtained by the alkylation of imines 
with trimethylsilylmethyl triflate or with alkyl triflates for imines containing a-silyl 
groups, followed by in situ desilylation of the intermediate iminium triflate salt using 
cesium fluoride (Scheme 30). 
CsF 
Scheme 30 
Komatsu and co-workers8o developed a novel application of this method in amides. 
N-a-(trimethylsilylbenzyl)amides 29 undergo thermal rearrangement, in toluene, via 
a silyl shift to oxygen, to form azomethine ylides 30. Desilanolation occurs after in 
situ cycloaddition using DMAD as dipolarophile (Scheme 31). The presence of the 
phenyl group a to the nitrogen proved to be essential, due to its stabilisation of the 
imine. 
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Furthennore, Pandey et al.92 reported a silver fluoride-mediated, double single-
electron oxidation of disilylamines. The reaction occurs with single-electron 
oxidation of the nitrogen atom, furnishing silver(O) and a fluoride anion, which reacts 
by removing one TMS group from the amine. The process is then repeated to fonn 
the azomethine ylide (Scheme 32). 
Scheme 32 
~+/ N 
I Bn 
Possibly one of the most commonly used and most reliable protocols for azomethine 
ylide generation, developed by Padwa et al.,93 is based on in situ fluoride-mediated 
desilylation of a-cyanoaminoalkylsilanes. The mechanism involves reaction of a-
cyanoaminoalkylsilanes 31 with a slight excess of silver fluoride which promotes 
metal-assisted desilylation to fonn an intennediate anion, which then undergoes 
decyanation fonning the azomethine ylide 32 (Scheme 33). 
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The ylides generated are very unstable and not isolated. In order to determine 
whether azomethine ylides such as 32 generated by this protocol behave like other 
octect-stabilized 1,3-dipoles, they were reacted with fumarates and maleates. The 
reaction shows complete stereospecificity and also regioselectivity for 
unsymmetrically substituted a-cyanosilylalkylamines. This confirms that 1,3-dipolar 
cycloaddition reaction takes place with the formation of azomethine ylides as an 
intermediate. 
This method allows access to non-stabilized azomethine ylides and their subsequent 
1,3-dipolar cycloaddition with a range of activated alkenes and alkynes. However, 
nonactivated dipolarophiles proved to be unreactive.93 The synthetic viability of this 
protocol was demonstrated by the efficient synthesis of an isoindole alkaloid from 
the Mexican sponge Reniera93 and a large number of alkaloids possessing pyrrolidine 
rings and pyrrolo[1,2-aJindoles moieties.94 
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2.4.2.2 1,3-Dipole cascade 
This method, also developed by Padwa et al.95 involves the rhodium acetate-
catalysed novel rearrangement of an a-diazoketone 35 to an azomethine ylide 37, 
which proceeds via the intermediacy of a carbonyl ylide 36 and a proton shift. The 
authors refer to the overall process as a dipole cascade for its "dipole 
interconversion" nature (Scheme 34). 
Scheme 34 
This rhodium-mediated transmutation of 1 ,3-dipoles has provided a method for the 
construction of a range of polycyclic systems (Scheme 35). In this example, a 
conjugated alkyne adds to the azomethine ylide, whereas the more reactive 
dipolarophile DMAD intercepts the carbonyl ylide intermediate. 
C02CH3 
H3C02C 
R' 
Scheme 35 
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2.4.2.3 Decarboxylation 
In the method developed by Grigg,96 azomethine ylides are produced by the 
decarboxylation of iminium species derived from primary and secondary a-amino 
acids. The iminium ion species obtained by condensation of a-amino acids 38 with 
carbonyl and dicarbonyl compounds,97 underwent 5-endo cyclisation to oxazolidin-5-
one 39. Subsequent 1,3-dipolar retro-cycIoaddition, with loss of carbon dioxide, 
formed the azomethine ylides (Scheme 36).98 
o 
(DC02H )l I Ph H ~ NH 
38 
Scheme 36 
2.4.2.4 1,2-Prototropy 
Also developed by Grigg,99 this route consists of the generation of stabilized 
azomethine ylides from aryl-substituted imines of a-amino acid esters. The process 
is identified as 1,2-prototropy because ylide generation involves a 1,2-prototropic 
shift of the proton in the a position to the imine. The ester group is always cis to the 
azomethine proton due to hydrogen bonding between the NH and the ester carbonyl 
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group, which acts to stabilize the ylide. IOO Furthermore, other electron-withdrawing 
substituents on the carbon atom a to the imine proved to promote 1,2-prototropy.100 
As shown in Scheme 37, these reactions can be catalyzed by Bronsted acids (Route 
A) with H-bond stabilization, and also by Lewis acids in the presence of a tertiary 
amine base (Route B), in which case there is dipolar stabilization by the metal. The 
dipoles derived from the latter approach are more reactive. 
R 
I 
-A:,.. CH 
Ar' "N.... 'C02CH3 
~MX C:NEt3 RouteB ~ R,;YH ~+/CyOCH3 
Ar N I ~ I 
M-----O 
Scheme 37 
2.4.2.5 Thermolysis of aziridines 
R 
I 
~+/gyOCH3 
Ar 7 I 
H-----o 
R 
I 
~+/gyOCH3 
Ar 7 I 
M-----O 
Huisgen et al. 101 and Heine, Peavy and Durbetaki,102 have established that aziridine 
rings 40 which have two stabilizing groups undergo thermally induced conrotatory 
electrocyc1ic ring opening to yield azomethine ylides that further react with reactive 
dipolarophiles to form cycJoadducts such as 42 and 43 in good yield (Scheme 38). 
As can be seen, the cycloadducts are derived from the trans-disubstituted azomethine 
ylide 41, which is interrelated with the cis-2,3-disubstituted aziridine 40 by a 
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conrotatory electrocyclic ring opening/dosing equilibrium. The trans-disubstituted 
aziridine yields complementary results. 
,\Ph 
.' 
Ph Ph Ph H 1+ -'I/. 
HIt A "H a PhyNyH Diethyl fumarate ~H 
" " • .. C02Et , 42 
Ph Ph H Ph 
40 41 
Ph H 
Scheme 38 
The method has been improved with the use of singly-stabilized aziridines by 
DeShong and co-workers. 103 In this case, less reactive dipolarophiIes can take part in 
the reaction. Furthermore, aziridine 44 was made to react with electron-rich olefins 
48, such as vinyl ethers, to yield cydoadducts 48 (Scheme 39) with opposite 
regiochemistry, yielding 2,3-disubstituted pyrrolidines instead of the 2,4-pattem 47 
observed from reactions with electron-deficient dipolarophiles, such as 45. This is 
the first example of azomethine ylide cydoaddition in which an electron-rich olefin 
acts as the dipolarophiIe. 
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To reach the temperatures between 300-400°C required for some aziridine ring-
opening reactions and cyc1oadditions, the Flash Vacuum Pyrolysis (FVP) system 
described by Fowler104 was used. 
2.4.2.6 Ring opening of oxazolidines 
This method, developed by Vedejs,I05 provides an alternative to the aziridine 
approach, especially when alkyl substitution on the 1,3-dipole is desired. The 
generation of the 4-oxazolidines 50, precursors of the 1,3-dipole, consists of the 
reduction of oxazolium salts 49 with triphenylsilane and cesium fluoride. 106 The 
importance of the silane/fluoride reagent is that the latter selectively reduces 
oxazolium salts in the presence of a dipolarophile which, permits in situ trapping of 
the unstable oxazolidines. These unstable oxazolidines spontaneously ring open to 
their valence bond tautomers at room temperature to yield 1,3·dipoles (Scheme 
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Me02C C02Me 
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Scheme 40 
2.4.2.7 Carbene insertion 
Insertion of carbenes onto imines to form azomethine ylides was first reported by 
Baret, Buffet and Pierre in 1972.108 Treatment of an aryldiazo compound such as 51 
with copper bromide in the presence of excess benzalimine resulted in the isolation 
of the imidazoline 54, as is shown in Scheme 41. Formation of product 54 was 
rationalized by carbenoid addition onto the imine nitrogen lone pair to give an 
azomethine ylide that further reacted with another molecule of imine. 
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Scheme 41 
Diazocompounds have been shown to decompose, either thermally,109 photolytically 
or catalyticallyllO with copper(I) or rhodium(II), resulting in carbenoid species 43 
that can insert onto an imine lone-pair. An electrophilic carbene would usually prefer 
to insert into the most electron-rich bond which would explain the selectivity to add 
onto the nitrogen atom to generate azomethine ylides. 
Furthermore, the method was expanded by Thomas and co-workers lll in the 
synthesis of various p-lactam antibiotics, using thiazoloazetidinones 57 as an 
intermediate (Scheme 42). In this case, the carbene could be inserted onto the 
nitrogen or the sulfur atoms. Soft electrophiles prefer to attack at the sulfur atom and 
hard electrophiles at the nitrogen atom. The reaction was found to be both regio- and 
stereoselective. The stereochemistry at C-3 of the product 58 is consistent with an 
approach of the fumarate from the less-hindered side of the ylide. 
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2.4.2.8 Alkylation-deprotonation 
An example of this popular method was developed by previous members of the lones 
research group,1I2 during studies on the use of amidines as azomethine ylides 
precursors. Il3,1I4 The mechanism involves quatemisation of an N-substituted 
dihydroimidazole 59 with an a-haloester followed by DBU-induced stabilized 
azomethine ylide formation and the subsequent cyclisation with different 
dipolarophiles in a one-pot protocol (Scheme 43). 115,116 
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Having introduced both the imidazoJine ring system and the 1,3-dipolar 
cycloaddition reaction, in particular those of azomethine yIides, we are now in a 
position to describe the work in this thesis directed towards new protocols for 
azomethine yIide generation from imidazoJines. 
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RESULTS AND DISCUSSION 
This section describes the work performed towards the generation of 
dihydroimidazolium-derived azomethine ylides using different methods and their 
subsequent 1,3-dipolar cyc1oaddition reaction with a range of dipolarophiles. Such 
reactions were performed in three different modes: intermolecular, catalytic and 
intramolecular. The comparison and analysis of the results obtained should enable us 
to develop an efficient methodology for the asymmetric syntheses of bicyclic 
molecules whose chirality is derived from the generation of several stereogenic 
centres in one-pot 1,3-dipolar cycloaddition reactions. We also introduce some 
examples and ideas for the implementation of our methodology, and the potential of 
the products obtained from it, towards the asymmetric syntheses of natural products. 
CHAPTER 3: A NEW METHOD FOR IMIDAZOLINIUM YLIDE 
GENERATION AND INTERMOLECULAR 1,3-DIPOLAR 
CYCLOADDITION REACTIONS 
3.1 Introduction 
This chapter describes the work performed on the novel generation of imidazolinium 
ylides by the addition of imidazolines to Michael acceptors followed by a proton-
transfer equilibrium, recently discovered in the Jones research group (Scheme 44).117 
This provides an alternative to the base-mediated generation of the ylides (see 
section 3.1.1). 
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Also, we are interested in the elaboration of the tetrahydropyrrolo[1 ,2-a Jimidazole 
cyc10adducts 62 obtained towards the synthesis of a-substituted pyroglutamate and 
pyrrolidine skeletons. Furthermore, three of the five bonds in the pyrrolidine 
structure are formed in a "one-pot" procedure, one during formation of the ylide and 
two more during the cyc1oaddition (Scheme 45). 
0 
Q X R-"}X' Q;~ .' R-N+ q R-N )- "'IIOH Y '1/ o . y ........ c ~ RI 
Z Z 'C 
...... 0 
pyrrolldlne a-pyroglutamate 
Scheme 45 
The a-substituted pyroglutarnate skeleton is present as a core structure of a number 
of natural products with relevant biological activity (Figure 16). Kainic acid is a 
neurotransmitter antagonist of a-glutamate and it has been used in the treatment of 
Alzheimer's disease. ll8 Lactacystin acts as proteasome inhibitor and is an inducer of 
neurite outgrowth in neuroblastoma cells. 119 Tuberostemonine and Stemona alkaloids 
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have been used in the treatment of respiratory problems such as bronchitis and 
tuberculosis.120 Spirotryprostatin B is used as an antiturnor agentl21 and oxalomycin 
possesses a potent antiviral and antibacterial activity. 122 
-f ~ ·,\" C02H ~C02H 
H 
Kalnlc acid 
Tuberostemonine 
(Stemona Alkaloids) 
Oxalomycln 
Figure 16 
OH 
Lactacystln 
S~NHAC 
C02H 
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3.1.1 Base-promoted dipolar cycloaddition reactions of azomethine ylides 
The general strategy for the fonnation of the imidazolinium ylides previously used 
by Jones and co-workers64 was the N-alkylation of a 2-unsubstituted 4,5-
dihydroimidazole followed by C-deprotonation. Dihydroimidazole 63 was N-
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alkylated to form the quaternary salts, such as 64 using several a-bromo esters. The 
ylides were generated in situ by deprotonation of the dihydroimidazolium salts 64 
with DBU and reacted with several dipolarophiles to yield a range of 
hexahydropyrrolo[1,2-a]imidazoles 65 (Scheme 46). I23 This protocol was also 
performed in a one-pot procedure without the necessity of isolating the quaternary 
salt. l24 
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Reaction proceeded with the production of almost exclusively endo adducts, and if 
traces of other stereoisomers were observed they were normally exo adducts.7 The 
observed regiochemistry of the cycloaddition was found to be as expected for 
stabilized azomethine ylides with an electron-deficient dipolarophile, with 
HOMOdipolJLUMOdipolarophile orbital control (type I in Sustmann classification).71 
This protocol was successful for a good range of electron-deficient dipolarophiles. 123 
However, the use of less electron-poor alkenes for the cycloaddition such as 4-nitro 
or 4-cyano-phenylethene was not successful. 
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3.1.2 Cycloaddition of homochiral imidazolinium ylides 
An extension of this new route to pyrroIidines using imidazoIinium yIides 66 was 
performed within the Jones research group by the use of homochiral imidazoIinium 
yIides 66 as chiral auxiliary substituent on nitrogen, wherein the auxiliary is 
conformationally restrained by virtue of the heterocycIic ring (Figure 17).7,125 
(R· is homochiral) 
Bn 
I 
N 
--:h):) )-
x 
66 
Figure 17 
Consequently, the facial selectivity of the yIides in cycloadditions is fully predictable 
and generally only one cycIoadduct is observed. The absolute stereochemistry of the 
cycloadducts is as illustrated in Scheme 47 and the relative stereochemistry matches 
that obtained in Scheme 46, which was assessed by IH n.D.e. difference 
spectroscopy? This stereochemistry is consistent with an endo approach of the dipole 
and dipolarophiIe, with the dipole having anti geometry and facial selectivity 
provided by the 4-phenyl substituent in the dipole. 
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3.1.3 Enantioselective generation of pyrrolidines 
Finally, further application of this protocol to the production of optically active 
pyrrolidines 72 was developed (Scheme 48).116 In the examples shown below two 
isomers of pyrrolidine 71A and 718 are obtained after the reduction reaction of 
pyrroloimidazole 70. This partial epimerisation at C-4, in favour of the 2,4-trans 
isomer 71A, may take place by deprotonation-protonation at C-4 of the intermediate 
iminiurn ion, before hydride trapping and due to the basic nature of the 
cyanoborohydride anion. Hydrogenolysis of the crude epimer mixture 71A and 718 
afforded epimeric pyrrolidines 72A and 728 in good yield and ratio. 
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3.2 Synthetic plan 
As part of our research programme to employ 4,5-dihydroimidazoles (2-
imidazolines) in dipolar cycloadditions, we proposed a new way of generating 
azomethine ylide derivatives such as dihydroimidazolium ylides 75, via conjugate 
addition of Michael acceptors to N-substituted imidazolines 73 followed by 1,2-
proton shift. We anticipated that this proton shift would be favoured by the extra 
anion stability conferred by the quaternary nitrogen centre. Furthermore, we believe 
that the intermediate dihydroimidazolium ylide generated will react further as it will 
constitute the 1,3-dipole for an intermolecular 1,3-dipolar cycloaddition reaction with 
the dipolarophilic Michael acceptor present in the reaction (Scheme 49). 
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We will investigate the scope of this methodology by using a range of Michae1 
acceptors, as we believe the latter requires an electron-withdrawing substituent to 
promote the conjugate addition and another to promote the proton-transfer 
equilibrium, Therefore, we will investigate the use of different Michael acceptors and 
dipolarophiles in a one-pot 1,3-dipolar cycloaddition reaction. Also as part of our 
research, we will attempt the identification and determination of the stereochemistry 
of the pyrroloimidazole cycloadducts 76 formed in the reaction and their 
diastereoisomeric ratio, where applicable. Furthermore, we propose to introduce 
chiral induction by the use of chiral N-substituted dihydroimidazoles. Finally, we 
attempt to elaborate the cycioadducts 76 obtained as a means of deriving an 
alternative route to the generation of a-substituted pyroglutamates present in natural 
products. 
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3.3 Preliminary results 
The use of our proposed methodology within the Jones reseach group, resulted in a 
successful reaction with dimethyl fumarate functioning as both the Michael-acceptor 
and the dipolarophile, giving 1:2 pyrroloimidazole cycIoadducts 62 (Scheme 50).117 
Our task was to explore and expand the scope of these findings. 
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It was also found by a previous group member that two diastereoisomeric products 
62A and 62B were obtained in 1:2 ratio. 1l7 Explanation of the stereochemistry 
obtained and the cycIoadduct ratio will be discussed amongst our experiments later 
in the chapter. 
3.4 Synthesis of N-substituted 4,5-dihydroimidazoles 
Our intention was to introduce the use of new NI-substituted imidazolines under our 
prescribed reaction conditions. In order to investigate the effect of different N~ 
substituents on the nitrogen atom of imidazolines in the I,3-DCA reactions, we 
prepared several N-substituted imidazolines. 
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3.4.1 Synthesis of N-benzyl-4,5-dihydroimidazole 
The N-benzyl-4,5-dihydroimidazole 63 was prepared following a procedure 
previously developed within our research group.66 The addition of benzyl chloride to 
four equivalents of the commercially available 1,2-diaminoethane 77 resulted in the 
formation ofN-benzyl-I,2-diaminoethane 78 in 72% yield after distillation. Reaction 
proceeds as an SN2 process with the initial attack of the lone pair of electrons of one 
of the nitrogen atoms of the diamine resulting in the elimination of the chloride ion 
and followed by the deprotonation of the amine hydrochloride (Scheme 51). 
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Due to its hygroscopic nature, ethylenediamine 77 can trap some water, and old 
samples turn yellow, so purification of it by distillation might be advisable to 
improve the yield of the reaction. Mono-alkylation of the ethylenediamine was 
achieved by the use of the latter as solvent for the reaction and thus in excess over 
the benzyl chloride. Otherwise, polyalkylation could be more problematic. 
Treatment of the mono-benzylated product 78 with an excess oftriethyl orthoformate 
in the presence of a catalytic amount of p-toluenesulfonic acid effected the ring 
closure reaction. Fractional distillation under vacuum afforded the pure product N-
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benzyl-4,5-dihydroimidazole as a pale-yellow semi-solid in 62% yield. The semi-
solid nature of the latter complicated the distillation process and warming of the 
condenser was necessary to avoid solidification of the product inside it and to be able 
to achieve a good fractionation. 
3.4.2 Synthesis of N-methyl-4,5-dihydroimidazoline 
Following the methodology used above, we attempted the preparation of N-methyl-
4,5-dihydroimidazole 80 by reacting the commercially available N-
methylethylenediamine 79 with triethyl orthoformate and p-toluenesulfonic acid 
(Scheme 52). Unfortunately, the cyclisation conditions used for the formation of the 
N-benzylimidazoline ring were not successful when the N-atom was methyl-
substituted. 
Triethyl orthoformate 
._----------------.. p·toluenesulfonic 
acid, reflux, 23h 
Scheme 52 
Me 
I 
N C> N 
80 
However, using an alternative literature procedure,126 cyclisation to the N-methyl 
derivative 80 was achieved in quantitative yield by dropwise addition of a 
tetrahydrofuran (THF) solution of the N-methylethylenediamine 79 to a solution of 
dimethyl formamide (DMF)-dimethyl acetal in THF (Scheme 53). 
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Me Me 
I I 
(NH DMF-dimethyl acetal 
N C> .. THF N 
NH2 
79 80,98% 
Scheme 53 
It was also found that when this method was applied in the fonnation of N-benzyl-
4,S-dihydroimidazole 63 the yield increased up to 80%, thus proving to be a better 
method for ring-fonnation from N -substituted diamines than that previously used. 
3.4.3 Synthesis of N-phenyl-4,5-dihydroimidazole 
Cyclisation of the commercial N-phenylethylenediamine 81 was achieved by the 
addition of a solution of the latter in tetrahydrofuran to a mixture of DMF-dimethyl 
acetal and tetrahydrofuran to afford N-phenyl-4,S-dihydroimidazole 82 in 87% yield 
(Scheme 54). 
Ph Ph 
I I 
(NH DMF-dimethyl acetal 
N C> .. THF N 
NH2 
81 82,87% 
Scheme 54 
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3.5 Synthesis of N-substituted 4-substituted 4,5-dihydroimidazoles 
3.5.1 Attempted synthesis of (R) and (S)-I-benzyl-4,5-dihydro-4-phenyl-1H-
imidazole 
The synthetic strategy previously used for the generation of both (R) and (8)-
imidazolines 93 is shown in Scheme 55,127 and this was followed initially. 
Protection °X~'Bn 
• 
Ph NHZ 
87 
Z-Benzyloxycarbonyl 
Bn 
/ 
Ph;:) 
Cycllsatlon 
(~, A Bn 
Ph NH2 
-----------
°X~' "<:::: Bn 
Ph NH2 
93 91 89 
Scheme 55 
Protection of the amino-group of the amino acid, (R)-(-) or (8)-(+)-phenylglycine 83, 
was achieved by addition of benzyl chloroformate in the presence of sodium 
hydroxide under Schotten-Baumann conditions. The reaction mixture was acidified 
to pH 1 with SM hydrochloric acid and the protected amino acid 85 was allowed to 
precipitate overnight. Reaction proceeded in good yield (82%) and product 85 was 
obtained as a white solid existing in solution in both rotameric forms as evidence by 
1H NMR spectrometry, due to restricted rotation and the delocalization shown in 
Scheme 56. 
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C02H 0 A+A /CH2Ph 
Ph N 0 
I 
H 
Scheme 56 
C02H 0 A)l /CH2Ph 
Ph N 0 
I 
H 
Transfonnation of the carboxylic moiety of the protected amino acid 87 into an 
amide was achieved by the condensation of benzylamine with product 85 in the 
presence of ethyl chlorofonnate. After recrystallisation from DCM:hexane, the Na.-
protected benzylamide 87 was initially obtained in 42% yield, low in comparison to 
the 83% yield reported in the literature. 127 However, on repeating this reaction on the 
(S)-enantiomer 88 a 92% yield of the product was achieved. 
Removal of the benzyloxycarbonyl protecting group on the amine moiety of 
compound 87 was achieved by catalytic hydrogenolysis in methanol over 10% of 
palladium on charcoal. Completion of the reaction was visualized by the change of 
the colour of the reaction suspension from grey to black. The catalyst was removed 
by filtration and the free amino compound 89 was isolated in quantitative yield. 
Reduction of the amide function in compound 89 to yield the homochiral diamine 91 
was attempted by using four equivalents of IM borane-THF complex in THF. The 
reduction was tried several times however; each attempt resulted in a quantitative 
recovery of the starting material. Failure of the reduction process could be due to 
poor quality and instability of the reducing agent. 
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Even though other reducing agents such as lithium borohydride (LiBH4) and the even 
stronger lithium aluminium hydride (LiAIH4) were used for the attempted reduction 
of the amide moiety of compound 89 to the amine functionality in compound 91, no 
successful results were obtained. 
3.5.2 Synthesis of (R)-(-) and (S)-(+)-I-methyl-4,5-dihydro-4-phenyl-1H-
imidazole 
Because the synthetic route described in Scheme 55 and proposed for the formation 
of product 93 did not afford us the desired product, we consequently devised a new 
synthetic strategyl28 as shown in Scheme 57. 
o OH 
X 
i) SOCI2 MeOH 
. .. 
Ph NH2 ii) MeNH2 excess 
83 
Me 
I 
Ph):) 
98 (R)-45% yield 
99 (5)-65% yield 
DMF dimethyl acetal 
THF. 50 DC 
Scheme 57 
Me 
I 
o NH 
PhXNH2 
94 (R)-50% yield 
95 (5)-50% yield 
! LiAIH •• THF reflux Me 
I 
NH 
PhfNH2 
96 (R)-97% yield 
97 (5 )-99% yl eld 
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Reaction of phenyl glycine 83 with thionyl chloride (SOCI2) in methanol presumably 
formed the acid chloride and/or methyl ester in situ which further reacted with an 
excess of methylamine to form the amide moiety in compounds 94 and 95. 
Elimination of the excess methylamine was necessary to carry out the reduction of 
amides 94 and 95. Reduction was achieved using lithium aluminium hydride in THF 
to obtain a quantitative yield of the N-methyl substituted amines 96 and 97. 
However, this reduction did not occur with the N-benzyl substituted amide 89 as 
stated before. Finally, ring closure of diamines 96 and 97 was performed by reacting 
them with dimethyl formamide-dimethyl acetal in refluxing THF. Both stereoisomers 
of l-methyl-4,5-dihydro-4-phenyl-lH-imidazole were isolated in yields of 45% and 
65% yield for the (R)-isomer 98 and the (S)-isomer 99, respectively. 
The design of a simple, reliable and easy synthesis for obtaining chiral N-substituted 
imidazolines is noteworthy as we believe that their use in 1,3-dipolar cycloaddition 
reactions will induce chirality in the resulting product, thus favouring one 
diastereoisomer of the cycloadduct product over the others and consequently 
increasing the diastereomeric excess. 
3.6 Initial studies 
Initial studies started using the non-chiral imidazolines and good Michael acceptors 
containing symmetrical electron-withdrawing ester groups were carried out. 
Reactions were performed under reflux in dichloromethane under a nitrogen 
atmosphere (Scheme 58). 
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Bn 
/ 
(
N) Fumarate 
/. -----i .. ~ 
// DeM, I!. 
N 
63 
Diethyl fumarate 
Dimethyl fumarate 
Results and Discussion 
101A,21% (1:2) 1016,42% 
102A (1:2) 1026 
55% 
Scheme 58 
As shown in Scheme 58, and in agreement with earlier studies,l17 we could envisage 
the formation of mainly two diastereoisomers of the cyc10adduct by intermolecular 
1,3-dipolar cycloaddition. When the reaction was performed using diethyl fumarate 
as the dipolarophile, this resulted in a 42% yield of cyc10adduct IOIB and a 21 % 
yield of cyc10adduct IOIA. A similar result was obtained with the use of dimethyl 
fumarate as the Michael-acceptor dipolarophile of the reaction resulting in a 55% 
yield of cycloadduct I02B whilst the cycloadduct I02A was not isolated. However, 
IH NMR spectroscopy of the crude material showed a 1:2 ratio of I02A:I02B. In 
both cases, only one diastereoisomer B was obtained as the major product, and the C-
7 a epimer was also seen in the crude product mixture. 
The relative stereochemistry of the four new chiral centres could not be determined 
by X-ray crystallography technique as products were found to be oils, so it was 
determined by selective n.O.e. difference spectroscopy experiments on the major 
cyc10adduct IOIB and by comparison of the results obtained with previous results 
obtained within the Jones group for I02B (Figure 19).1l7 Irradiation at 8=4.50 ppm 
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corresponding to the bridgehead C-7a proton effects a medium enhancement of the 
signal for the C-6 proton (8=3 .85 ppm), whi lst irradiation of C-7H (8=3.67 pp m) 
effects no enhancement of the signals for the C-7a or C-6 protons. Finall y, irradiation 
at C-6H (8=3.85 ppm) effects a high enhancement of the signal for the C-5 
methylene group protons (8=4.15 pp m) and medium enhancement for C-7aH 
(8=4.50 ppm). This indicates a cis relationship of the C-7a proton and both the C-6 
proton and the C-5 methylene group, and a trans relationship between the C-7a 
proton and the C-7 proton and between the C-7proton and C-6H. As it is shown on 
Figure 19, n.O.e. difference spectroscopy of compound 102B had demonstrated the 
same relationship between C-7aH, C-7H, C-6H and CH2 protons at C-5 position (see 
Appendix VI) . The NMR conclusions are supported by an X-ray structure of minor 
isomer l02A.117 
0% ~ ~ 
.' 
medium 
0% 
1018 
Figure 19 
Based on the Jones group transition state model for the imidazolinium ylide 
cycloaddition reaction,64 wherein the HOMO of the dipole reacts with the LUMO of 
the dipolarophile (type J in Sustrnann classification)71 in a concerted mechanism with 
an endo approach of the dipole and dipoJarophile, with the dipole having the 
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conformation shown, product IOIA is expected to be the first-formed cycloadduct 
(Figure 20). 
Figure 20 
Bn 
I 
(:~.",'CO'R 
ROC~CO'R 
, / 
RO,C A 
kinetic product 
We believe it is likely that C-7a epimerisation takes places via an aminallamino-
imine ring-openinglring-closing equilibrium (Scheme 59) to form a presumably 
more stable cycloadduct B. This loss of stereochemical integrity at C-7a may be 
catalysed by small quantities of acid present in the silica during the purification or in 
the CDCh solvent for the NMR experiments. 
H+ 
R' R' I I 
(NH ( N ,H 
+H+ ·~=C' -f-i+ ~'~' . • • 
RO,C
N 
i CO, R 
• 
-f-i+ +H+ 
RO,C CO,R RO C = CO,R 
, = 
/' /' /' RO,C A RO,C RO,C B 
Minor primary cycloadduct Major cycloadduct 
Scheme 59 
[t can be concluded that cycloadduct A constitutes the kinetic product of the reaction 
fo rmed via the transition state in which the ylide adopts a conformation shown in 
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Figure 21 whi le cycloadduct B constitutes the thermodynamic product. Calculations 
carried out by a collaborator do show the major epimer to be more stable .129 
Sn 
/ 
N C/>-~\ 
L #'O 
R02CH 2C/ \ OR 
Figure 21 
The satisfactory results obtained in these preliminary reactions are consistent and in 
agreement to those obtained by a previous member of the Jones group.1I7 Generation 
of the ylides by conjugate addition-proton transfer was shown to be successful under 
our reaction conditions. Therefore, the mixture of an imidazo line and a Michael 
acceptor under reflux in dichloromethane constitutes the methodology applied in this 
part of our research study. 
3.7 Synthetic results 
The nature of the Michael-acceptor and the imidazolines were varied in a series of 
reactions performed under the same reaction conditions. Results of the app lication of 
this new methodology for imidazolinium ylide generation are collected in the 
following table (Table 3.1). 
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R' R' 
I I 
DGM, heat 
N N 
R" i t Wtransfer R" it 
R02Ck R02C~ 
C02Rj C02R 
Dipolarophile 
R' R' 
I I 
I~N H .""C02R 1~~.",'C02R R ,, ~N ~~~ 
R0 2C \ C02R R02C "~ C0 2R 
/ / 
R0 2C A R0 2C B 
Michael·acceptor 
Entry R' R" Dipolarophile R Yield Ratio A:B 
I Benzyl Diethyl fumarate Ethyl 63% both 1:2 - Isomers 
2 Benzyl Dimethyl fumarate Methyl 55% both 1:2 - Isomers 
3 Benzyl - Maleic anhydride - SM recovered -
4 Benzyl - Diethyl oxaloacetate - SM recovered -
sodium sa lt 
5 Benzyl Diethyl maleate Ethyl 55% both 1:2 - isomers 
6 Benzyl - (-)-Dimenthyl Menthyl Traces -fumarate 
7 Methyl Dimethyl fumarate Methyl 5 I % both 1:2 - isomers 
8 Methyl Diethyl fumarate Ethyl 86% both 1:2 - isomers 
9 Phenyl - Diethyl fumarate Ethyl SM recovered -
10 Phenyl - Dimethyl fumarate Methyl SM recovered 
-
II Methyl Phenyl Diethyl fumarate Ethyl Traces -
Table 3.1: Reaction of Imidazoline substrates with different M ichael-acceptors 
acting as both alkylating agents and dipolarophiles. 
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Entries 3 and 4, which correspond to those reactions of the N-benzyl substituted 
imidazoline 63 with maleic anhydride and diethyl oxaloacetate sodium salt 
respectively, resulted in a recovery of the imidazoline starting materi al used in the 
reaction. In both cases, we believe that this could be due to the poor so lubilities of 
both Michael-acceptors in dichloromethane and their susceptibility to thermal 
decomposition under the reaction condition. We had selected the oxaloacetate 
enolate to test its ability as a Michael acceptor. 
However, reaction of the N-benzyl substituted imidazoline 63 with diethyl maleate 
103 resulted in a satisfactory production of cycloadduct in 55% yield as a mixture of 
diastereomers. On looking carefully at the iH NMR spectrum of the major 
cycloadduct fo rmed in the reaction, we discovered that the relative stereochemistry 
between C-6 and C-7 on the product obtai ned was not as expected as the J value 
(J=5.2 Hz) was smaller than the expected value for a cis relationship (J around 8- 12 
I-I z). The relative stereochemistry was confirmed by n.O.e difference spectroscopy 
which showed a Irons relationship between C-61-1 and C-71-1 with no enhancement of 
the other signal on irradiation at 0=3.84 ppm and 0=3 .68 ppm, respectively. We had 
expected to obtain compounds 104 from the reaction of diethyl maleate with N-
benzyl-4,5-dihydroimidazole but instead only compounds 102 were obtained (Figure 
22), identically to those that had been seen from the diethyl fumarate reaction. 
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Bn 
I 
C~~CO'Et 
EtO'C>0CO'Et 
/ 
H 
'" EtO,C -;:. 
/ 
CO,Et 
EtO,C 
104 
EtO,C 
102 
Figure 22 
We assumed a concerted mechanism of the 1,3-dipolar cycloaddition reaction and 
consequently no bond rotation is possible during the cycloaddition. We propose a 
plausible maleate-fumarate pre-equilibrium was occurring under the reaction 
conditions (Scheme 60). 
Bn 
I 
N C> N 
F\ 
EtO,C 103 CO,Et 
-
Conjugate addition 
Bn 
I 
N C> N 
Eto,c0 
106 CO,Et 
r CO,Et 
EtO,C 105 
Conjugate addition 
Proton transfer, 1,3·DCA 
Scheme 60 
Bn 
I 
N C> N 
As explained in section 3.1 , the imidazolinium ylide used as the 1,3-dipole for the 
cycloaddition is generated by conjugate addition of the "imine" ni trogen of the 
imidazoline onto the maleate. This conjugate addition forms imidazolinium salt 106, 
where the W-C bond is very easy to break, constituting a reversible first step. Once 
the bond is broken it can form diethyl fumarate 105 which is more stable than diethyl 
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maleate 103. This equilibration process usually is favo ured in the presence of tertiary 
amine bases or other nucleophi les and must take place before the dipolar 
cycloaddition. Therefore, by the time the proton-transfer and cycloaddition takes 
place only the fumarate is present in the reaction mixture. This result is cons istent 
with our proposal fo r the reaction mechanism. 
At entry 6, we wanted to induce chirality using a chiral Michael acceptor under our 
reaction conditions, so commercially available (-)-dimenthyl fumarate 107 was used 
as the dipolarophi le for the reaction wi th the N-benzyl-imidazoline 63 (Scheme 61). 
Sn 
/ 
DCM , t'. eN "H .. ~.,\\CO'MenthYI 
MenthylO,C ~CO'MenthYI 
(-)-Dimenthyl fumarate 
/ 
MenthylO,C 108, traces 
107 CH, 
Scheme 61 
However, (-)-dimenthyl fumarate constitutes a bulky dipolarophile and compound 
108 will be much hindered. We believe thi s is a possible explanation for the low 
yield of the reaction. lH NMR spectroscopy of the reaction mixture was very 
complex and we were unable to analyse it. 
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We decided then to apply this new methodology using the N-methyl-imidazoline 80 
and the N-phenyl-imidazoline 82 to investigate the scope of the reaction and include 
variations not onl y in the Michae l acceptor but in the imidazoline as imidazolinium 
ylide precursor. As can be observed on Table 3.1, entry 7, this new method for ylide 
generation via congujate addition, proton-transfer and subsequent 1,3-DCA worked 
in good yield (51 %) with the N-methyl-imidazoline 80 when dimethyl fumarate was 
used as Michael acceptor. This result is consistent with that obtained using N-benzyl-
imidazoline 63 and the cycloadducts are again formed in 1:2 ratio. Furthermore, the 
reaction worked in excellent yield (86%) when N-methyl-imidazoline was made to 
react with diethyl fumarate under the same reaction conditions (entry 8, Table 3.1 ) 
(Scheme 62). 
Me 
I 
eN> Fumarate /. ----.~ // DeM , t. N 
80 
Diethyl fumarate 86% 109A (1 :2) 109B 
Dimethyl fumarate 51% 110A (1 :2) 110B 
Scheme 62 
The structures of the major cycloadducts 109B and 110B were again determined by 
IH NMR spectroscopy, showing two separate signals 8=2.95 ppm and 8=3. 18 ppm 
corresponding to the CH2C02R proton, each of them appearing as a doublet, 
indicating that the methylene protons are diastereotopic, which implies the presence 
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of at least one chiral center in the molecule. In addition, the sequence of correlated 
doublet, double doublet, and doublet resonance, which were assigned to the C-6, C-7 
and C-7a protons respectively, is indicative of three contiguous CH groups. The I3C 
NMR spectra contain 4 x CH) corresponding to the ester groups and another 
downfield CH3 (8=38.7 ppm) corresponding to the N-CH3; 7 x CH2 for compound 
109 and 3 x CH2 for compound 110, I x C and 4 x C=O carbon atoms. The relative 
stereochemistry was assigned in agreement with previous results which have been 
fully di scussed earlier (see section 3.6). 
With the support of these data we can discount the alternative product 113 that might 
be formed from a similar reaction mechanism (Scheme 63). This would involve the 
initial Michael adduct acting as a I ,4-dipole. Product 113 would render two CH2 
groups and five contiguous CH groups, whjch we did not observe. 
Me 
C) .,~-, c>. 
~ CO,R 
RO,C 
Me 
/ 
N 
...... I-----I .. ~ C > W shift 
N+ 
Ro,ck 
Me 
/ 
N C> N+ 
OR 111 CO,R RO'C~ 112 CO,R 
o 
RO,C 
Scheme 63 
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Unfortunately, the use of N-phenyl-imidazoline 82 with both diethyl and dimethyl 
fumarate (Table 3.1, entries 9 and 10) did not lead to the formation of the 
corresponding cycloadducts, the N-phenyl-imidazoline starting material being 
recovered together with some decomposition products from the reaction. 
Finally, we wanted to induce stereoselectivity by fac ial blockage in the ylide with the 
use of an imidazo line chiral by virtue of a substituent at the C-4 pos ition in the 
imidazo line ring. As it has been reported,1 when introducing a 4-phenyl substituent 
the fac ial selectivity of the ylides in cycloadditions should be fu lly predictable and 
generally onl y one cycloadduct is observed. The expected absolute stereochemistry 
of the cycloadducts is as illustrated on Scheme 64 by analogy with that obtained in 
Scheme 62 . This stereochemistry is consistent with an endo approach of the dipole 
and dipolarophile, with facial selectivity provided by the 4-phenyl substituent in the 
dipole and allowing aga in for C-7a epimeri zation. Unfortunately, we could not prove 
this arguments because when the reaction was perfo rmed using (S)-I-methyl-4-
phenyl-4,5-di hydroimidazole 94 a complex IH NMR spectrum was obtained that 
showed onl y traces of the des ired compound. 
Me Me Me 
/ / / 
PhJ ) 
N , H 
PhJ : 
H _D!:t~:~ f_u~~r~~e_ -.J .,' CO, Et 
DCM, " Ph N + 
94 
"J'I/C02 Et CO,Et 
EtO,C 115A EtO,C 1158 
Scheme 64 
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Because no attempts at achieving cyclisation usmg homochiral N-methyl-
imidazoline and diethyl fum arate were successful , we decided to perform a test 
reaction to see if the imine nitrogen atom was too hindered to react. Reaction of (R)-
l-methyl-4-phenyl-4,5-dihydroimidazole 98 with an excess of iodomethane proceed 
with production of the iodide salt of the N-methylated compound 116 in quantitative 
yield (Scbeme 65). 
Me 
/ 
N 
,.C> 
Ph'" N 
98 
Mel 
RT, 20 h 
Ph" 
Scbeme 65 
Me 
/ 
N 
".CN? -I 
\ 
116 Me 
This implied conjugate addition was stericall y feas ible, and we can not find a 
reasonable explanation for the fa ilure of these reactions. 
3.8 Elaboration of tbe cycloadducts 
The polysubstituted cycloadducts obtained previously such as compounds 101, 102, 
109 and 11 0 can be elaborated towards the formation of pyrrolidines and hence to the 
a -substituted pyroglutamate moiety present in several natural products of interest, 
such as those found in the nerve growth factor mimic and proteasome inhibitor 
lactacystin or in the antitumour and antiviral oxazolomycin. 
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3.8.1 Synthetic plan 
We propose two parallel routes for the elaboration of these polysubstituted 
eye load ducts (Scheme 66), where the aim is to achieve differentiation of the fou r 
carboxylate ester groups on the cycloadducts. 
In route A we propose an initial aminal reduction with the consequent ring-opening 
of the imidazolidine. The "free" amine formed is li able to further react with the two 
ester groups at C-5 of the pyrroloimidazoles to form a six- or seven-membered 
lactam ring in compound 118. The six-membered ring formation is expected to be 
preferred and constitutes the driving force of the reaction. The next step is the 
differentiation of the three ester groups present on pyrrolopyrazines 118 through the 
selective reduction of the least hindered ester group into a primary alcohol. In the 
presence of a suitable positioned ester group, this secondary alcohol can condense 
with resultant lactone-formation to give compound 119. This effectively 
di ffe rentiates the four original ester groups in the cycloadduct. Further elaboration of 
derivatives of compound 119 (in which the atoms of the original diamine backbone 
are removable) towards the formation of a -substituted pyroglutamate derivative 122 
would constitute a future project. 
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Scheme 66 
In route B selective red uct ion of the least hindered ester group on compound 117, 
precedes aminal reduction of the imidazolidine ring, and further cycJ isation of the 
amine with an ester group will again lead to lactam formation in compound 121. 
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3.8.2 Synthetic results 
Beginning wi th Route A, we attempted to reduce compound 102 by the use of 
sodium cyanoborohydride (NaCNBH)) under acidic conditions (Scheme 67). Amina l 
reduction proceeded with consequent N-C bond breakage and ring-opening of the 
imidazoline ring. The amine formed is liab le to ring-close with the ester group at C-5 
of the cycloadduct and this process will be favoured in the presence of a base, at pH 
8, to release the nucleophilic character of the secondary amine. Reaction proceeded 
with the favoured formation of a six-membered lactam ring constituting one of the 
driving forces of the reaction. The pyrrolopyrazine 123 was isolated from the 
reaction mixture in 76% yield. Evidence of the structure was determined by infrared 
absortion at vmax/cm- l 1736 (s ix-membered ring lactam C=O) indicating lactam 
formation. IH NMR spectroscopy reveals the formation of an additional CH2 group 
with diastereotopic protons &=2.90 ppm (t) and &=3.26 pm (dd) and a loss of a CH) 
ester signal. llC NMR spectra indicate the loss of an ester group showing 4 x CH) 
signals and 5 x CH2 signals, again revealing the formation of a new methylene group. 
The relative stereochemistry is derived from the precursor compound 102, (Figure 
21). 
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We realized when repeating this reaction that when basifying the reaction mixture 
with the solid potassium hydrogen carbonate it is important that the pH reaches 8 for 
the cyclisation to occur. [faddition of the base is done without control of the pH, the 
base could be consumed just in the neutralization of the excess of acid with no 
cyclisation occurring (Scheme 68). When that happened, the only product isolated 
from the reaction was monocyclic pyrrolidine 124 in 58% yield. 
8n 
/ i) NaCN8H3 H CO,Me CNN~,~H .,,\\CO' Me ___ 2_M_H_C_I__ H""~';::: pH=IO.2-1 .8J 
.. Bn ...... ~N CO,Me 
N "1 
" CO,Me ii) 2 eq. KHC03 H 1/\ 
MeO,C ; MeO,C CO,Me 
MeO,C 102 124,58% 
Scheme 68 
A similar result was obtained when we reduced the am inal group of the ethyl ester 
cycloadduct 101 with ring-opening of the imidazoline. Reaction again did not 
proceed to ring closure with lactam format ion and instead compound 125 was 
isolated in 71 % yield (Scheme 69). This reaction was done in parallel to that shown 
in Scheme 68 and in both cases the pH was not monitored. 
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Scheme 69 
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We then decided to experiment with compounds 123, 124 and 125 on the se lective 
reduction of the ester groups. Reduction of pyrrolopyrazine 123 was attempted using 
a 2M solution of lithium borohydride in tetrahydrofuran and the reaction was 
quenched using sodium hydrogen carbonate. Reaction proceeded unsuccessfully with 
the recovery of the starting material compound 123 (Scheme 70). 
H 
HI/Ill 
C02Me 
'I ll/ 
\ 
° C02Me 
123 
2M LiBH.ITHF 
. _---- -- -----".. 
RT. 2h 
Scheme 70 
H 
HIIII . 
126 
However, when compound 124 was reduced under the same conditions onl y 
compound 127 was isolated as a pale ye llow crystalline compound in 22% yield 
(Scheme 71 ). The structure of this amine-borane was confirmed by an X-ray crystal 
structure determination (Figure 23, see Appendix I). 
9,::
H f02Me 
HI'" , . 
Bn, ~N C02Me 
N <'11/ 
H Me02C \ 
C0 2Me 
RT. 2h ~H f02Me HUll. . Bn .... + ~N C02Me NH 'I ll/ 
_ ~H3 Me02C \ 
C02Me 
124 127 
Scheme 71 
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~H f02Me C7 HI",.' Bn,+ ~N C02Me NH " 11/ 
_ ~H3 Me02C \ 
C02Me 
127 
Figure 23 
It is possible that compound 127 is fo rnled during the attempted ester reduction or 
alternatively previously in the aminal reduction reaction, thus impeding the lactam 
formation. However, the IH NMR spectra are different for both products; the NH 
signal appearing at /)= 1.92 ppm in compound 124 and at /)=5.42 ppm in compound 
127, which implies that amine-borane formation takes place during the attempted 
ester reduction. 
Finally, we tried to reduce all three ester groups in compound 123, again using 
lithium borohydride reducing agent but leaving the reaction for 20 h (Scheme 72). 
H ,C02Me H 
HIli .. 
.~ 
HII", 
OH 
eN C02Me 
2M LiBH.ITHF 
eN " 11/ ... _--------- ... \ RT, 20h N ° C02Me N 
I I 
Bn 123 Bn 128 
Scheme 72 
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Unfo rtunately, no fully reduced compound 128 could be isolated and the IH NMR 
spectrum of the crude product was very complex, showing what seemed to be a 
mixture of various mono-reduced, bi-reduced and tri-reduced products. 
For Route B, a selecti ve reduction of cycloadduct 101 was attempted using several 
reducing agents (Table 3.2) in order to determine if any di ffe rentiation of the fo ur 
ester groups present on the molecule could be achieved (Scheme 73). 
Bn 
I 
C:~·,,\'CO'Et 
~CO'Et 
EtO,C } 
EtO,C 
101 
Reducing agent 
2 M LiBH4ITHF 
2 M LiBH4ITHF 
I M LiAl~ITHF 
IM K-selectride/THF 
Reduction 
.. 
Scheme 73 
Bn 
I 
C:~·,,\'CO'Et 
~C02Et EtO,C ~ 
HO~ 129 
Solvent Temperature ("C) Product 
THF RT -
THF 66 DC -
THF 66 DC -
THF RT -
Table 3.2: Selective reductIOn of substrate 101 WIth dIfferent reductmg 
agents and under several reaction condition. 
Unfortunately, all attempts produced a mixture of products, and in all cases the IH 
NMR spectra showed a very complex mixture of several products that were not 
identi fi ed. 
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3.9 Conclusions 
In thi s part of the study we have developed a successful methodology for the 
generation of imidazo linium ylides by conjugate add ition-proton transfer of severa l 
Michael acceptors with various imidazo line moieties. We have attempted to extend 
this methodology to achieve stereochemical induction by the use of both chiral 
substituted imidazolines and dipolarophiles, so far without success. 
We have di scovered that using a methyl substituent on the imidazoline instead of a 
benzyl substituent produces cycloadducts in higher yield , possibly due to less 
hindrance du ring the course of the reaction. 
Another part of the study in this chapter has consisted of the pre liminary elaboration 
of the cycloadducts obtained towards a potential di fferentiation between the different 
functional groups present, as a potential route to a -substi tuted pyroglutamate 
derivatives. 
Finally, structural determination of pyrrolidine 127 by X-ray crystallographic 
analysis has enabled us to determine the relative stereochemistry between the 
substituents on C-5, C-6 and C-7 on the pyrroloimidazoles and C-2, C-3 and C-4 of 
the pyrrolid ines obtained. 
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CHAPTER 4: CATALYTIC 1,3-DIPOLAR CYCLOADDITION OF 
AZOMETHINE YLlDES GENERATED BY CATALYTIC DIAZO 
COMPOUND DECOMPOSITION AND CARBENOlD INSERTION 
4.1 Introduction 
The methodology introduced in thi s part of the study describes the generation of 
imidazolinium ylides via the metal-mediated decomposition of a -diazocarbonyl 
compounds to form carbene species that can be trapped by the imine nitrogen lone 
pair of electrons on the imidazolines to form the corresponding azomethine ylides. 
The latter undergo 1,3-dipolar cycloaddition reaction with and in the presence of a 
dipolarophile or with a dipolaro philic substituent of the inserted molecule. 
Firstl y we begin by introducing some bas ic aspects in carbene and carbenoid 
chemistry, their generation and subsequent insertion reactions followed by a brief 
review of the previous work performed in the area. Results from thi s investi gation 
are then presented and the analysis of the results obtained is discussed. 
4.1.1 Carbene types and classification 
Carbenes are neutral molecules which possess a divalent carbon atom with only six 
electrons in their valence shell. llo The central carbon atom in a carbene can be either 
linear or bent; each geometry is descri bed by a certain degree of hybridization. The 
linear geometry implies an sp-hybridized carbene centre with two non-bonding 
88 
Chapter 4 Results 01111 Discussioll 
degenerate orbitals Px and py. Bending the molecule breaks this degeneracy enabling 
the carbon atom to adopt s/ -type hybridization. 
E 
-c- Py 
• • c-
I 
• 
• 
-------------
--, 
Px """""'~ 
pxcCr ~ cr 
linear bent 
Figure 24 
Figure 24 shows the effect of such bent geometry on the py and Px orbitals, where the 
py orbital remains almost unchanged (ca lled Pn) and the pure orbital Px is stabilized as 
it acquires some s character (called cr) . Most carbenes tend to adopt a bent 
confonnation, the linear geometry being an extreme case. 
Pn Pn Pn Pn 
« « " , , ,\ cr cr cr I 
a
1Pn1 cr2 p/ a 1Pn 1 
381 1A1 1A1 1 B1 
Figurc 25 
Electronic configuration of carbenes can be described as shown in Figurc 25. As can 
be seen, four electronic configurations are possible. The two non-bonding electrons 
can be in two different orbitals with parallel spins (triplet state), and the molecule is 
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correctly described by the a lpnl configuration e S I state}. In contrast, the two non-
bonding electrons can be paired in the same a or pn orbital (singlet state). Therefore 
there are two different IAI states, the a2 being generally more stable than Pn13 1 The 
final poss ibility consist of an excited singlet state with a lpnl configuration (ISI 
state). 
The ground-state spin multiplicity is a fundamental feature of carbene chemistry and 
dictates its reactivity.l3l Singlet carbenes possess both a fill ed and a vacant orbital, 
and therefore, they can be ambiphilic in character, while triplet carbenes have two 
singly occupied orbitals and are generally regarded as diradicals.132 The ground-state 
multiplicity of a carbene is determined by the energy gap between its a and Pn 
orbital s. The singlet ground state is favoured by a large a-pn energy gap (2 e V 
determined by Hoffmann 's rules77) , while smaller separation will lead to a triplet 
ground state. 
4.1.2 Steric and electronic effects on the ground state spin multiplicity of 
singlet carbenes 
The stabili zation of singlet carbenes can be considered in terms of electronic and 
steric effects. T he best method of obtaining kinetically stabilized carbenes consists of 
protecting the highl y reactive carbene centre with the attachment of bulky 
substituents. In terms of electronic effects one should consider both inductive and 
mesomeric effects . Although inducti ve effects can dictate the ground state 
I · I" f b 133 134 . f'" I . . fi I mu tIp IClty 0 some car enes,' mesomen c e ,ects p ay a more Slgl1l Icant ro e. 
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Substituents interacting with the carbene centre can be class ified into two types : X 
for rc-electron donating groups; such as -F, -Cl , -NR2, -OR, SR and meta ls; and Z for 
rc-electron-withdrawing groups; such as -COR, -CN, -BR2 and -SiR). 
R ~ R ~ ~cKR 
R R 
x c z 
a 
x- c-z 
b 
Figure 26 
Depending on the nature of its substituents, a carbene can be class ified as either a 
high ly bent X,X-type carbene, and a linear or quasi-linear Z,Z-type or as an X,Z-
type carbene. The quas i-linear X,Z-carbenes are of particular interest to us. Because 
they possess both types of substituents, they are consequently subjected to both types 
of electronic interaction from the substituents (Figure 26a). 
The lone pair on the X substituent interacts with the vacant py orbital on the carbene 
carbon centre, wh ile the Px vacant orbital on the Z substituent interacts with the px 
orbital on the carbene carbon centre. These electronic substituent effects are both 
stabilizing and both favour the singlet state. As shown in Figure 26b, with respect to 
the carbene carbon centre, the destabi li sation on the vacant py orbital is 
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simultaneously accompanied by the stabilisation of the Px orbita l. These two 
interaction results in a polarized allene-type system with XC and CZ multiple bonds . 
In this case, inductive effects are not of any primary importance. Examples of these 
types of systems include halogenocarboethoxycarbenes, 135 phosphinos ilylcarbenes, 136 
phosphinophosphoniocarbenes l37 and metal-carbenes or carbenoids. 
4.1.3 Metal-carbene or carbenoid generation 
[n contrast to other stable carbenes, one of the most important routes to carbenoids 
(carbene complexes) is via the decomposition of u -diazo compoundsD s Free 
carbenes are accessed by thermal or photochemical decomposi tion of u -
diazocarbonyl compounds, while formation of carbenoids is poss ible via the metal-
mediated decomposi tion of the diazo compounds as a result of the reaction of a diazo 
precursor compound with transition metal complexes (Scheme 74).1 39 
IT ~~~ MLn IT l~9 10Ln EtO~ -----J .. ~ EtO~ --~.~ EtO- !BP 
11\ 
N ~o ~2 MLn EtO .--::::- Carbene stabilised 
wi th the metal. 
Scheme 74 
Diazocarbonyl compounds undergo ni trogen extrusion in the presence of a catalyst at 
lower temperatures to form metal carbenes. They function as reactive intermediates 
in many transformations. A variety of transition meta l compounds (MLn) have been 
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investigated for their effectiveness as catalysts for diazo decomposition and have 
been rev iewed by Doyle and McKervey140 However, studies in effective and 
reusable catalysts fo r metal carbene trans formation are rather limited.141 
In order to expand the scope of carbenoid generation, stabili zation and reactivity, 
severa l methods have been developed for the preparation of diazocarbonyl 
compounds. 142 Diazo compounds are very diffi cult to handle and they are very tox ic 
and unstable, limiting their applicabili ty.142 However, other methods have been 
developed for the in situ generation of a-diazocarbonyl compounds from the 
corresponding ester hydrochloride l43,144 or fro m hydrazones.145 We have focus sed 
our attention on the in situ generation of a-diazocarbonyl compounds from the 
corresponding tosylhyd razone salts. Diazo compounds can be generated from the 
corresponding tosylhydrazone salts 134, by photolys is, 146 vacuum pyrolysis,147 
thermolysis of a suspension in a suitable solvent148 or thermolysis in a biphasic 
medium (organic/aqueous) in the presence of a phase transfer catalyst (pTC).149 
Tosylhydrazone salts may be commercially avai lable but they can also be generated 
in situ from aldehydes, as shown in Scheme 75. 
+ 
Na 
[ ] ~ N PTC R'~N2 R' N/ 'Ts • or !';,/.. 
134 r 1) TsNHNH2 
2) Base 
R'~O 
Scheme 75 
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Studies of catalytic acce leration of diazo compound decomposition originated a 
century ago l50 with a rapid recognition that copper and copper salts would facilitate 
complex carbon-carbon bond formation, in addition to other reactions including 
addition to double bonds (cyclopropanation),15l insertion into s ingle bonds (C-H, Si-
H, O-H, N-H and S_H)1 52,153.l54 and ylide formation. 155 
4.1.4 Previous work on the reactions ofylides formed by carbenoid insertion 
The availability and potentia l of new chiral and non-chiral transi ti on metal-based 
catalysts used fo r the decomposition of diazo compounds to carbenoids provides a 
good range of options fo r the asymmetric catalytic generation and subsequent 
transformations of ylides. J39 Cata lytic entry to a nitrogen, oxygen or suI fur ylide 
occurs with an assoc iation of the e lectrophilic metal carbene with the heteroatom, 
acting as a Lewis base, followed by di ssociation of the ligated meta1. 139.l55 The 
generation and consequent transformation of the ylides is complex, a key point being 
the reversible assoc iation of the carbenoid and the heteroatom (Scheme 76). 
+ 
-MLn + X - X + 
EHC"'" ' z . EHC"'" ' z • EHC- X - Z 
I +MLn 
MLn 
metal associated ylide conformationally 
restricted ylide 
"free" ylide 
~ ~ ~ 
X X X EHC~ EHC~ EHC"'" 
Z 
chiral Z chiral 
I 
Z racemic 
Scheme 76 
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Asymmetric induction in the ylide can occur if the metal with its chiral li gands 
remaIns attached during the ylide reaction or if the free ylide formed by metal 
di ssociation retains its chiral confo rmation during the ylide-derived tranSfOnll ation. 
When relaxation of the conformationall y restri cted ylide is faster than product 
fonnation , no asymmetric inducti on occurs and a racemic product results. 
Catalyticall y generated y lides have been mainly used in [2,3]-sigmatropic 
rearrangments,1 56 Stevens rearrangements l57 and dipolar cycloadditions. It was not 
until 1992 that Kanemasa et 0/. 158 reported asymmetri c induction in a catalyt ic 
nitrone 135 l ,3-dipolar cyc loaddition reaction with alkenes to form isoxazo lid ines 
136 (Scheme 77). Control of the elldolexo ratio was achieved by using Lewis acids 
and transition metal cata lysts. 
'-.. + /0 
N 
11 + 
R./"....Rl 
135 
Scheme 77 
-~o _" .... N R' 
R'" -= 3 
R' = R 
136 
The greatest challenge for 1,3-DCA reactions is to contro l both endolexo ratio and 
the enantioselectivity of the addition. The latter can be achieved by us ing chiral 
dipolarophiles or chiral auxi liaries. In fact , it was found that the use of diethylzinc as 
the Lewis acid and (R,R)-diisopropyl tartrate as the chiral auxiliary reagent induced 
the asymmetric cycloaddition of a nitrile oxide with several allylic alcohols.1 59 
Gothelf and J$rgensenl60 achieved asymmetric control of the reaction of nitrones 
with alkenes. Such reactions are asymmetrically controlled by the chiral ligand on 
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the metal complex. The first complexes to be studied were those of titanium{lV) 
complexes, which were found to interact strongly with the dipolarophiles, thus 
activating their alkene moiety in the process (Scheme 78). 
R' 
R2,+/O 
yY0 .,,\ RLN n NyO 
Ph 
° ° exo + ~ )lNI Ti(1 ,1 '-blnaphtholhCI, R' 
H Ph hO .,,\ 
RLN n 
.: NyO 
p~ 
Scheme 78 
° ° endo 
Afterwards, they carried out an investigation into the role of the coordination 
geometry at the metal centre of the catalyst in the I ,3-dipolar cycIoaddition reaction, 
thi s time using the catalytic properties of Mg(II) and Cu(IJ) coordinated with an 
achiral ligand. 161 These reactions occur with a high degree of endo-selectivity. 
Furthermore, Furukawa et at. 162 have reported the use of late transi tion metal 
complexes, such as palladium or ruthenium for the reaction of nitrones with alkenes. 
This allows reactions to be performed in the presence of water. 
Since then, catalytic I ,3-dipolar cycIoaddition reactions using ni trones as 1,3-dipoles 
to fo rm optically active isoxazolidines have been performed using different catalysts, 
such as rhodium-based Lewis acids,163 bis-titanium(IV) complexes,l64 zinc(II) 
triflate 165 and different substrates and conditions. Likewise, the scope of these 
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reactions includes the formation of optically active isoquinoline derivatives l66 and 
the isoxazolidinyl analogues of tiazofurin .165 
The generation of carbonyl ylides and their cycloaddition reaction under catalytic 
conditions has also been investi gated. However, onl y a few results on the asymmetric 
synthesis in a catalytic carbonyl ylide transformation have been reported in the 
literature. Early investigations by Huisgen and de March l67 with dimethyl 
diazomalonate 137 revealed that a mixture of two major dioxolane steroisomers, 
138A and 138B, was formed in the Cu(acac)2, Rh2(OAc)4, or Cu(OTf)2-catalyzed 
reactions with benzaldehyde (Scheme 79A).167 
C02Me C02Me 
N2 Me02C't0 H Me02Ct o H 
A Rh2(OAc)4 >~ + ) ;;. + PhCHO -----l .. ~ HI/ Ph Phll Ph 7SoC I , I " 
Me02C C02Me 72% Ph 0 H 0 
137 138A,45% 
Dimethyl fumarate 
Culchira l ligand, 125°C 
1386, 55% 
2 ~ 
A 
58% MeO c~Ph Me02CI.Ph 
o + 0 6 
Me02C"'" C02Me Me02C C02Me 
C02Me C02Me 
139A, 54% 1396, 46% 
Schem e 79 
Trapping the intermediate carbonyl yl ide with dimethyl fumarate led to the format ion 
of a two-component mixture of dihydrofuran diastereomers 139A and 139B (Scheme 
79B). 
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Furthermore, Doyle and co-workers l68 have reported the results of the reaction 
between p-nitrobenzaldehyde and ethyl diazoacetate to yield four 1,3-dioxolane 
stereoisomers, whose relative composition was dependent on either of the fo llowing 
catalysts: Rh2(capk Rh2(4S-MEOX)4 or Rh2(4R-MEOXk Results suggest 
selectivity dependent on the catalyst for the ylide transformation of diazocarbonyl 
compounds in addition to catalyst-dependent reactions of the metal-stabilized ylides. 
Recently, it has been reported that 1,3-dipolar cycloaddition reactions between 
imines and ca rbonyl ylides generated by tandem intramolecular carbenoid-carbonyl 
cycIization are effectively catalyzed by the Lewis acid Yb(OTf)3 in a catalytic 
amount of 10 mol%, in combination with Rh2(OAc)4 (Scheme 80). 169 In most cases 
high degrees of exo-se lectivity in the products are achieved. 
R' 
R' 
::::,.. ..... Ph Rh,(OAc). 0 N 
+) • Ar 
CHN, Yb(OT03 Ar 10mol% 
0 R' = Me, Ph 0 Ar = o-MeOC6H. 
exo product 
Scheme 80 
Such reactions have been implemented in the syntheses of many natural products, 
such as the antitumor agent (-)-Iaulimalide by a copper-catalyzed ylide formation 
fo llowed by [2,31-shi ft .17o 
A series of epoxides and azi ridines have been synthes ized in good yield and with 
high enantiocontrol by 1,3-dipolar cycIoaddition reactions between sulfur ylides 
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generated by metal catalyzed carbenoid insertion onto sui fides , and a variety of 
aldehydes and ketones .17I This system, developed by Aggarwal and co-workers, is 
focused on the transfer of chirality from the chiral sui fur ylides which are employed 
in catalytic quantities to the product epoxide or aziridine (Scheme 81 ). 
ArCHO 
o ~.~Ar 
Ph 
32-73% yield 
68-94% ee 
trans:cis 70:30 - 98:2 
+ -
Rh R2·S·CHPh MLn 
,f'h 
LnM~ 
H 
Scheme 81 
N2CHPh 
The diazo compounds are generated in situ from the corresponding tosylhydrazone 
salts. The metal catalyst that is preferentia ll y employed is the dimer of rhodium 
acetate (Rh2(OAc)4), although many others have been tested under these reaction 
conditions. 
4.1.5 Previous work on the catalytic asymmetric 1,3-dipolar cycloaddition of 
azomethine ylides 
The asymmetric I ,3-dipolar cycloaddition reactions of azomethine ylides and alkenes 
allows the stereoselective synthesis of pyrrolidines and proline derivatives 172 
(Scheme 82). 
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R' /"::::. N./"--... EWG' 
Metal complex 
Scheme 82 
EW~R2 
R'~ ~EWG' N 
H 
EWG= Electron-withdrawing group 
After pioneering work by Gri gg et al. on the use of chiral transition metal complexes 
(ephedrine deri vative/cobalt(II», which required a stoichiometri c amounts of the 
metal complex,17J limited procedures using substoichiometric amounts of catalyst 
have been reported. Zhang and co-workers reported the use of Ag(l) complexes 
(AgOTf) with chiral bisphosphine ligands fo r the cycloaddition of methylglycine 
imines with di fferent dipolarophiles (Scheme 83). 174 
R2 I v/. 
/"::::. ~ Ligand , RT ~r:x" 2 
R' N EWG' ------.. ~ R or 
Metal sa lt R,\I" " "/EWG' 
1~ N /'y H 
):xy R2 '" R' .' EWG' 
N 
H 
141A 141 B 
Scheme 83 
Good ee and endo-selectivity for enantiomer 141A was obtained when the reaction 
was performed under Grigg's conditions and also good endo-selectivity was 
achieved fo r the other possible enantiomer 141B with the silver complexes using 
doubly deacti vated alkenes. However, only modest se lectivity with methyl acrylate 
was achieved. Komatsu et al. 175 observed reversed exo-selecti vity on the 
cycloaddition of azomethine ylides with N-phenylmaleimide, using chiral 
bisphosphine/copper(Jf) triflate (Cu(OTf)z) at -40°C. Schreiber and co-workers used 
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a combination of silver acetate and P,N ligands176 to achieve good yields and 
stereoselectivies of the expected endo-adducts for the 1,3-0CA reaction of 
azomethine yl ides with several acrylates. 
Recently, a new strategy has been reported based on the use of metal salts and chiral 
bases, both in catalytic amounts. Chelation of the metal salt (AgF) to the imino ester 
fo llowed by deprotonation us ing cinchona alkaloid 142, acting as chiral base, fo rms 
metallo-azomethine ylide-chiral base ion pair 143. The latter is made to react with 
several acrylates 144 to afford the corresponding endo-cycloadducts in good 
selectivity (Scheme 84). 177 
pR 
tO~)c _ 
..... + 
l 144 
EWG 
N 0BH 
R)+ 143 
dipole-chiral base ion-pair 
HOt. ~ 
H 
cinchonIne 142 
Scheme 84 
Only recently, catalytic enantioselective 1,3-dipolar cycloaddition of vinyl sulfones 
145 has been achieved. Nearly complete exo-selectivity and enantioselectivities were 
obtained with Cu(I)/chiral P,N ligand as the catalytic system (Scheme 85). 178 
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exo-adduct 
As part of our research plan we propose a new method for the metal-mediated 
generation of imidazo linium ylides 146 by the insertion of a carbene species onto the 
electron lone pair on the azomethine nitrogen of the imidazoline moiety, We also 
propose to use substituted a -diazocarbonyl compounds as the alkylating agents as 
they are liable to lead to the in situ generation of the corresponding metal carbenoids 
by their interaction with a transition metal catalyst (Scheme 86), 
R 
R" R R F I I I N N c~{ C> N2CHC02R' C> R" .. .. .", MLn, DCM N N N+ ( via M; CHCO,Et) )- R" 
R'O,C R'0 2C 
146 147 
Scheme 86 
As introduced in the prevIOus section, there exists a range of transition metal 
complexes which can induce the decomposition of a-diazoca rbonyl compounds, 
Thus, our investigation involved the exploration of the variation in the choice of 
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metal catalyst, ligands and conditions in order to hopefully optimise not only the 
diazo compound decomposition process but al so the 1,3-dipolar cycloaddition 
reaction. 
4.3 Preliminary results 
Previous work within the Jones research group ll? performed on this catalytic 1,3-
dipolar cycloaddition reaction used a stoichiometric amount of copper(ll) 
acetylacetonate (Cu(acac)2) as the metal catalyst to fac ilitate the decomposition of 
ethyl diazoacetate. The intermediate copper carbenoid species fo rmed subsequently 
underwent insertion onto the lone pair of electrons on the " imine" nitrogen of the N-
benzyl imidazoline 63 to afford the intermediate imidazolinium ylide in the process. 
The azomethine ylide 148, which was not isolated, was immediately reacted with 
dimethyl fumarate 149 already present in the reaction mixture prior to ylide 
generation to furni sh the cycloadduct 150 in very low yield (l0%) (Scheme 87). 
Bn 
/ 
N Cl 
N 
63 
.. 
Cu(acac),. DCM 
( via CU=CHC02Et) 
Bn 
/ 
N C> N+ )-
Et02C 
148 
C02Me 
F Bn - / N H 
Me02C 149 C 9:C02Me 
------J .. ~ ... ,\ 
N 
C02Me 
Et02C 
150,10% 
Scheme 87 
These preliminary results thus indicated the feasibility of thi s new variant of 
transition metal complex-catalysed 1,3-dipolar cycloaddition reaction. Also, the 
103 
Chap/er 4 Results fllld Discussion 
reactivity of the 1,3 -dipoles 148 generated in this way appears to di ffer from those 
generated by the deprotonation route (see previous Chapter 3.1.1). Our obj ective 
was to repeat and improve on these preliminary results and exploit the scope of thi s 
methodology in order to find the most efficient catalyst for the diazo compound 
decomposition reaction. In addition, we were interested in analys ing the effect of this 
catalyst on the 1,3-DCA reaction and on the stabilisation of the imidazolinium ylides 
fo rmed. Furthermore, we wanted to perform the reaction with a range of 
dipolarophiles and analyse the stereochemistry of the cyc loadducts 150 obta ined. 
4.4 Initial studies 
We proposed a catalytic cycle for this transition metal-mediated imidazo linium ylide 
generation, where stoichiometric amounts of metal catal yst are avoided, therefore 
prov iding a "cleaner" process with dinitrogen as a by-product of the reaction and 
minimal transition metal res idues for recovery (Scheme 88). 
R 
I 
N 
I "X'MO"OO,'" C~ 
N2CHC02Et [M) )( cJ ) 
N+ 
Et0 2C 
)-
Scheme 88 
Dipolarophile 
.. 
R 
I 
c:~:. 
Et0 2C 
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The catalytic reaction was performed under the same conditions as had been used by 
the previous member in the group."? Ethyl diazoacetate was added slowly to a 
so lution of N-benzyl-4,5-dihydroimidazole and dimethyl fumarate in anhydrous 
dichloromethane but in the presence of just 10 mol% copper(II) acetylacetonate, 
whereupon, the release of nitrogen was observed as an effervescence in the solution. 
The reaction was carried out at 40°C and monitored by TLC on si li ca gel (light 
petroleum b.p. 40-60°C:ethyl acetate 8:2). After 20 h, when TLC had indicated 
complete consumption of the imidazoline starting material 63, the reaction was 
terminated. Our results were similar to those obtained by the previous worker using 
stoichiometric copper (IT), affording cycloadduct 150 (l0% yield) as the major 
product of two diastereoisomers (Scheme 89). The diastereoisomers were not 
separated and the molecular structure of compound 150A was determined by analys is 
of the higher intensity peaks in the respective I H NMR and IlC NMR spectra and by 
comparison with those obtained by the previous worker within the group.ll? The 
relative stereochemistry is predicted from the transition state model consistent with a 
C-7 endo approach of the 1,3-dipole and the dipolarophile and an anti dipole 
conformation (see Chapter 3). Finally, this is supported by n.O.e. difference 
spectroscopy on some of the cycloadducts obta ined (see later in this chapter for a 
full er di scussion). 
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We then repeated the reaction using diethyl fumarate as the dipolarophile. After 20 h, 
the reaction was stopped. Work-up and purifica tion of the crude reaction mixture 
produced onl y 8% of the cycloadduct IS1A, thi s time as a single diastereoisomer 
with the same relative stereochemistry as ISOA. The molecular structure was 
determined using IH and 13C NMR spectroscopy. Firstl y, the IH NMR spectrum 
displayed two doublets (8=4.00 and 8=4.56 ppm) corresponding to C-5 and C-7a 
protons respectively; also the C-6 proton appears at 8=3.89 ppm as a triplet and C-7 
(8=3.73-3.76) as a multiple!. This confirms the presence of four consecutive CH 
protons in a fi ve membered ring system. Secondly, the 13C NMR spectrum shows the 
presence of 3 x CH), 6 X CH2, 4 x CH, 5 x ArH and 4 quaternary carbon atoms, as 
confirmed by the DEPT \lC NMR spectrum. 
The fo rmation of cycloadducts 150 and 151 can be rationa li sed as shown in Scheme 
90. Reaction of diazoacetate with Cu2+ forms the ethoxycarbonyl carbene (or its 
metallocarbene equiva lent) which can attack the C=N system to fo rm ei ther the 
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aziridine 152 or directly the ylide 148, either of which, via 1,3-DCA reaction with 
the fumarate forms cycJoadducts 150 and 151. 
Bn 
/ 
EtO,C>=+ _ 
N=N 
H 
C>~=rCO'R 
r CO,R EtO,C 
Bn 
/ 
N EtO,C C \ 
): + ;f 
H N 
Scheme 90 
In an attempt to improve on the yield , the reaction was repeated at an increased 
temperature of 6 1 QC using anhydrous chloroform as the reaction solvent with the 
hope of accelerating the loss of nitrogen, and ring opening of aziridine 152 if formed. 
Unfortunately, no improvement in yield was achieved. However, no variation on the 
amount of catalyst used was tried due to our interest in developing a "clean" process 
using substoichiometric amounts of metal. Also, it has already been demonstrated 
that there is no increase yield by using stoichiometric amounts of metal catalyst. 1 17 
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4.5 Carbene generation and insertion into imidazolines 
In our attempts to improve the yield of the reaction, we next sought to investigate 
different catalysts. A search of the literature revealed to us two general types of meta l 
complexes that can be class ified as either complexes containing only one single 
coordination site per metal (in order to favour carbenoid reactions) or as complexes 
with several available sites for strong coordination with the olefin substrate ( in order 
to promote coordination reactions) . Specific points of interest that were noted were; 
i) A "carbenoid" mechanism is exclusively involved in the decomposition 
of diazo compounds resulting in the generat ion of electrophi lic carbeno ids 
or "complexed-carbenes", which are non-coordinated wi th the olefin. 
ii) A "coordination" type of mechanism that invo lves the coordination of the 
metal with the olefin which dictates the stereochemistry of the products 
formed in the reaction. 
The reaction pathway that the carbene pursues is dependent on the catalyst used in 
the reaction and o n the oxidation level of the transition metal in the complex, its 
variation in ox idation state during the course of the reaction, the nwnber of active 
sites and the number and nature of the ligands attached to it. 
As a consequence of these findings, we performed the reaction agaIn USIng an 
alternative catalyst, rhodium acetate dimer, as illustrated in Scheme 91. 
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Ethyl diazoacetate was added slowly to a solution of N-benzyl-2-imidazo line and 
diethyl fumarate in anhydrous dichloromethane in the presence 2 mol% of 
Rh2(OAck The reaction was carri ed out at 40°C and monitored by TLC on silica gel 
(4: 1 light petroleum b.p. 40-60°C:ethyl acetate). After 20 h, when complete 
consumption of the imidazole had occurred, as ev idenced by TLC, the reaction was 
stopped. After work-up and purification by column chromatography, the undes ired 
pyrazoline 153 was obtained in 90% yield instead of the desired cycioadduct ISIA 
(Figure 27). 
CXC02Et / """ HN ~ C02Et 
EtO,[ 
153 
Figure 27 
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4.6 The side reaction 
From the results obtained up to thi s point in our study, we were able to postulate that 
the desired azomethine ylide reaction pathway was possible but that the low yields 
obtained after complete consumption of the starting materials suggested that other 
possible reaction pathways are occurring, including formation of the pyrazoline 153. 
We can suggest an explanation of what is happening in the reaction and how we can 
minimize the occurrence of unwanted side reactions . 
The IH NMR spectrum of the by-product shows a broad downfield signal at a 
chemical shift of around 7.40 ppm (relative to TMS), possibly corresponding to an 
N-H. No aromatic protons are observed, suggesting the absence of the 
benzylimidazoline moiety. Furthermore, the characteristic coupled double doublets 
of the two coupled CH2 groups of the imidazoline moiety of the expected cycloaduct 
151A are not present in the spectrum. Thjs observation is further supported by the 
corresponding 13C NMR spectrum and mass spectrosmetry data. In contrast, signals 
for three ethoxy groups are observed, suggesting invo lvement of the fumarate and 
diazoacetate molecules in the side-product. Consequently, we are able to propose a 
possible pathway for the undesired s ide reaction. 
With respect to the formation of the side product 153, we propose a 1,3-dipo lar 
cycloaddition reaction between ethy l diazoacetate 154 which acts as the 1,3-dipole 
and the dipolarophilic diethyl fwnarate 155 present in the reaction mixture as shown 
in Scheme 92. 
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We can conclude that the conditions for the performance of a 1,3-dipolar 
cycloaddition reaction would otherwise be adequate but for the slow breakdown and 
high 1,3-dipole reactivity of ethyl diazoacetate . Because of this, the rate of ethyl 
diazoacetate decomposition and subsequent carbenoid format ion is significantly 
slower than the rate of the undesired 1,3-DCA reaction, therefore ki netically 
favou ring the latter as the major reaction pathway. Slow addition or controlled 
introduction of the diazo compound, such that the carbenoid is not generated in the 
presence of large amounts of unreacted ethyl diazoacetate, is required to achieve 
good yields of the desired cycloadduct and to minimize the side reaction. A good 
way of achieving this controlled and slow introduction is by using the corresponding 
sodium salt of the tosylhydrazone 156 whose subsequent decomposition upon gentle 
heating produces ethyl diazoacetate in situ as shown in Scheme 93. This procedure 
has proven to be highl y effic ient and a safe alternative to handling diazo 
compounds.144, 145. 174 Consequently, we decided to modify our procedure to include 
the in situ generation of ethyl diazoacetate from its corresponding tosylhydrazone 
salt via thermolysis in the reaction solvent (Scheme 93). Several studies have 
revealed that rhodium acetate is a more efficient catalyst for the decomposition of a-
diazocarbonyl compounds than copper acetylacetonate.174 Consequently, the 
combination of rhodium acetate and a sodium salt of the tosylhydrazone was 
employed in our subsequent experiments. 
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As the sodium salt of ethyl glyoxylate tosylhyd razone was not commercially 
available, it was prepared following a literature procedure,179 by the treatment of a 
briskl y stirred methanolic solution of p-toluenesulfonyl hydrazide with a so lution of 
ethyl glyoxylate in toluene. A mildly exothermic reaction occurred due to the 
dissolution of the hydrazide. After 30-40 min. the reaction was cooled to O°C, which 
caused the precipitation of ethyl glyoxylate tosylhydrazone as a white solid in 75% 
yield. To form the corresponding tosy lhydrazone salt 156, the tosylhydrazone was 
added to an externally cooled anhydrous methanolic solution of sodium methoxide to 
yield the sodium salt of ethyl glyoxylate tosylhydrazone 156 as a light yellow semi-
solid compound in 90% yield. Due to its inherent instability, thi s product was stored 
in the freezer and its exposure to direct light was avoided. 
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We next sought to synthesise the desired cycloadduct 151A via the thermal 
decomposition of the ethyl glyoxylate tosylhydrazone sodium salt 156 by adding it as 
an solution in dichloromethane using a syringe pump to a solution of l-benzyl-4,S-
dihydroimidazole, diethyl fumarate, and a catalytic amount (2 mol%) of rhodium 
acetate in dichloromethane. Unfortunately, thi s attempt resulted in the formation of 
the unwanted pyrazoline 153 in 40% yield. We were unable to iso late the des ired 
cycloadduct 151A and no signals indicating its formation were seen in the IH NMR 
or IlC NMR spectra. We repeated the reaction under the same conditions as before 
with the small change that dimethyl fumarate was used as the intended dipolarophile . 
This again resulted in the fo rmation of the corresponding pyrazoline 157 in 70% 
yield (Figure 28). Finally, we used a less electron-deficient dipolarophile, methyl 
methacrylate in order to decrease the dipolarophilic activity of the dipolarophile and 
to hopefully slow down the rate of the undesired side reaction and allow the reaction 
with the catalyst to fo rm the carbenoid species. However, this attempt did not result 
in any improvement on our previous achievements, where reaction proceeded wi th 
the formation of only traces of the desired cycloadducts. 
o:CO'Et I "'" HN ~ CO,Me 
MeO,C 157 
Figure 28 
As a consequence of our previous unsuccessfu l attempts, it became apparent to us 
that the in situ generation of ethyl diazoacetate was not the complete so lution for 
minimizing the format ion of pyrazoline by-products. At this stage of our study, we 
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considered the possibility of reduc ing the side reaction by limiting the presence of 
the dipolarophile in the reaction mixture. Clearly, the complete absence of the 
dipolarophile would lead to " free" ylide formation. However, the absence of a 
trapping agent for the ylide reaction would render several factors such as ylide half-
life and stability crucial for the viability and yield of the reaction. Considering the 
instability of the ylide under the given reaction conditions, we decided to ensure the 
presence of a dipolarophile by adding it using a syringe pump. The addition had to be 
simultaneous to that of the diazo compound and relatively slower than our previous 
attempts in order to allow ylide formation before the concentration of the 
dipolarophile got too high. 
4.7 New component: ytterbium triflate (Yb(OTf)3) and its role 
So far, attention has been focussed towards the formation of the carbenoid, but yJide 
formation and the I ,3-dipolar cycloaddition reaction should also be considered at thi s 
point. 
1,3-DCA reactions between carbonyl ylides and imines l69 or aldehydes 180 were found 
to be effectively accelerated by a Lewis acid, particularl y rare earth metal triflates, 
used in cata lyti c amounts (10 mol%) (see section 4.1.4). Furthermore, it has been 
shown that ytterbium triflate (Yb(OTf)3) is a powerful Lewis acid that is more 
effecti ve in promoting and accelerating 1,3-DCA reactions more than other 
lanthanoid trifl ates and is liable to simultaneously coordinate with the ylide and the 
dipolarophile, consequently creating a complex structure in the process. Calculations 
performed on the FMO for the carbonyl ylides and imines in the presence of a Lewis 
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acid revealed that coordination of the latter with the imine considerably lowered the 
LUMO-dipolarophi le energy leve l. Subsequently, the corresponding energy gaps 
(HOMO-dipole LUMO-dipolarophile interaction, Sustmann type ll) were 
significantly decreased in comparison to the energy gaps which exist in the absence 
of a Lewis acid. If stabili zation of the transition state structure formed in the 1,3-
DCA reaction is increased, its energy would be lowered and it would be easier to 
reach, therefore favouring the 1,3-DCA. 
We decided to use catalytic amounts of ytterbium triflate in our fo llowing 
experiments in order to accelerate the 1,3-DCA reaction. A plausible mechanism for 
the cyc\oaddition reaction in the presence of the Lewis acid is shown in Scheme 94, 
and is based on the reports li sted above for the carbonyl ylide reactions, where imine 
coordination is proposed. 
R' 
/ 
N Cl 
N 
Cu(ll) or Rh(ll) 
(catalytic) 
N2CHC02Et 
• 
Yb(OTf), 
(catalytic) 
Dipolarophile 
• R~ 
R3 
Scheme 94 
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Azomethine ylide is liable to coordinate with the ytterbium triflate and the 
azomethine ylide-Yb(lII) complex 158 formed reacts with the dipolarophile present 
in the reaction mixture. A simultaneous coordination with both 1,3-dipole and 
dipolarophile 159 can also be proposed, as shown on Figure 29. The stereochemistry 
of the cycIoadduct 160 is proposed by analogy with previous results on similar 
imidazolinium ylide cycIoadditions. 
Figure 29 
4.8 Selection of the catalyst 
Having taken into account some of the factors that could have caused the fa ilure of 
the catalytic 1,3-dipolar cycIoaddition reaction to proceed towards the generation of 
pyrrolidines instead of pyrazolines, we were ready to perform a series of experiments 
in order to find an effective catalyst for the diazo compound decomposition-
carbenoid formation . Based on the literature review (see section 4.2), we decided to 
test and compare three different catalysts: copper(II) acetylacetonate (Cu(acac)2), 
rhodium(lI) acetate (Rh2(OAc)4) and copper(II) triflate (Cu(OTf)2) (Scheme 95). 
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Separate so lutions of ethyl diazoacetate and diethy l fumarate in DCM solution were 
simultaneously added over 2 h using syringe pumps at a controlled temperature of 
30°C to a solution of N-benzyl, N-methyl or N-phenyl-imidazoline in anhydrous 
dichloromethane and in the presence of a transition metal complex-catalyst and a 
catalytic amount of ybtterium triflate (10 mol%). The reactions were carried out at 
40°C and monitored by TLC. After 20 h, when complete consumption of the 
imidazoline had occurred as evidenced by TLC, the reaction was stopped. After 
work-up and purification by column chromatography we obtained results which are 
presented in the following Table 4.1: 
R' (i) x mol% Cu(lI) or Rh(lI) R' I I 
entry R' N N2CHC02Et. c:~:: C:> x mol% Yb(OTf), • X Methyl (ii) Diethyl fumarate y Benzyl N Z Phenyl 30·C. DCM. 20 h X. Y orZ 
Et02C 160 
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Entry Starting Material Catalyst (10 mol% ) Yield mixture of isomers (%) 
1 X Cu(acac)2Nb(OTf)J 10 
2 Y Cu( acac )2/Yb(OTf)J IS 
3 X 2% Rh2(OAc)41Yb(OTf)J Unidentified side products 
4 Y 2% Rh2(OAc)4Nb(OTf)J Unidentified side products 
5 Z 2% Rh2(OAc)4/Yb(OTf)J Unidentified side products 
6 X CU(OTf)21Yb(OTf)J 25 
7 Y Cu(OTf)2Nb(OTf)J 28 (single isomer) 
Table 4.1: Reaction of imidazoline substrates with ethyl diazoacetate followed by 
diethyl fumarate in the presence of cata lytic amounts of Yb(OTf)3 a nd various 
transition Dl ctal complexes. 
In all cases, it was observed by IH NMR spectroscopy that the pyrazoline side-
product 153 resulting from the 1,3-DCA reaction between diethyl fwnarate and ethyl 
diazoacetate is produced in addition to the desired cycloadducts 160. This side 
product was iso lated in all cases at a lower Rf value than the desired cycloadduct 
when performi ng column chromatography on silica gel (light petroleum b.p. 40-
60°C:ethyl acetate I : I with 2% of triethylamine). Some complex mixtures and 
unidentified minor by-products were observed in addition to the pyrazoline in some 
of the column fractions and in the crude reaction mixture as suggested by the 
respective IH NMR spectra. 
We concluded from these experiments that uSlllg 10 mol% copper(l l) triflate 
(Cu(OTf)z) gives the best yields of the des ired compounds. Furthermore, it is an 
economic catalyst to use and reactions in its presence were easier to control in 
compari son to those carried out with rhodium acetate. Also, we are able to show that 
the simultaneous slow addition of the diazo compound and the dipolarophHe in the 
presence of ytterbium trifl ate plays an active ro le towards the catalytic cycle. [n 
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particular, this effect is best observed from the results of the entry 2 in Table 4.1 
where it was found that the same reaction carried out in the presence of the ytterbium 
trifl ate in addition to the differences of the reagents afforded the desired 
cycloadducts in 15% yield compared to only 8% in the previous reactions (see 
section 4.3). 
4.9 Molecular sieves 
It has been observed that the use of chi ra l metal complexes to catalyze 1,3-dipolar 
cycloaddition reactions is often very sensi tive to the reaction conditions and the 
products formed can be very dependent on factors such as so lvent, counterions and 
traces of moisture .!8! 
So far, all reactions had been performed under anhydrous conditions as indicated. 
Anhydrous conditions were obtained by llsing glassware dried in the oven and 
flamed under vacuum before use, keeping the reagents under a nitrogen atmosphere 
and using dry syringes and need les fo r add itions. In addition a good way of removal 
of any traces of water fTom the reaction mixture can be by using molecular sieves 4 
A (MS). 
The use of MS has been observed to be crucial fo r both reaction rate and 
diastereose lectivity of the Yb(OTf)J-catalyzed I ,3-dipolar cycloaddition reactions. !82 
This also has been observed for other Yb(OTf)3-catalyzed reactions such as Diels-
Alder reactions!8J and Michael addit ion reactions.! 84 
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We dec ided to include the use of molecular sieves 4 A on our experiments in order to 
hopefull y improve the yield and the diastereoselectivity of our reactions. Activated 
molecular sieves 4 A, were dried in the oven and fl amed under vacuum prior to 
reaction, and this was used as the standard procedure in the fo llowing reactions. 
4.10 Final proposal for the catalytic cycle 
As a consequence of literature reviews, searches performed in the area and research 
done up to this po int o f the study, we were able to propose the revised conditions and 
methodology fo r the perfo rmance of a catalytic I ,3-dipo lar cycloadd ition reaction. 
The fi nal proposal includes copper(II) trifl ate-catal ysed diazo compound 
decomposition to form the corresponding copper-carbenoid species fo llowed by the 
subsequent insertion of the latter into the imidazoline moiety to fo rm the 
corresponding azomethine ylide. The azomethine ylide is not iso lated. However, it is 
stabili sed by a Lewis ac id, ytterbium(lII) trifl ate, which catalyses the 1,3-dipolar 
cycloaddition reaction of the azomethine ylide wi th the corresponding dipolarophiles 
in the presence o f 4 A molecular sieves to yield the corresponding pyrrolidines 
(Scheme 96). 
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161 
The predicted stereochemistry of product 161 is what we hypothes ise to be formed 
from the most stable transition state. Therefore, we believe that in this transition 
state, the bicyclic system not being completely planar will fold along the C-N bond 
common to both rings having the fused ring junction of molecule 161 with cis 
stereochemistry and adopting a structure that can be called a "half-opened book" 
conformation (Figure 30). It is therefore possible to refer to the stereochemistry of 
the ring substituents as internal (groups in blue) and external components (groups in 
red) on the two faces of the molecule. In order to simplify the structure, ethyl ester 
groups are drawn on structure 162 as the substituents R2 and R3 on structure 163. 
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Due to steric constraints, we can predict that ester groups would prefer to sit on the 
" free" unhindered space on the outside of the folded ring. Furthermore, stabilizing 
intramolecular H-bonding interactions between the carbonyl oxygens and 
neighbouring hydrogens, as shown in Figure 30, enhance the lowering of the TS 
energy. Finally, the complexation of the ytterbium(Ill) triflate wi th the corresponding 
ylide intermediate also enhances this effect as we believe it is positioned on the 
extemal part of the transition state structure. Steric hindrance on the internal face of 
the molecule would favour that the majority of the ester groups are accommodated 
on the external face of the molecule resulting in the formation of structure 163 as the 
major diastereoisomer of the reaction. The concerted mechanism of the 1,3-DCA and 
the impossibi lity of bond rotation between carbons of the breaking doub le bond of 
the dipolarophile in the transition state renders it energetically unfavourable fo r the 
R2 substituent to sit on the outside face of the structure 159. This transition state 
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picture is in full accord with the anti-dipole 7-endo transition state used by our group 
to explain the stereochemistry obtained in earlier cycloadditions of imidazolinium 
ylides. 185 
Our methodology involves the use of catalytic amounts of copper(lI) triflate, thus 
minimizing the amount of transition metal residues and generating dinitrogen as a 
by-product of the reaction. This in return constitutes a "clean" process for the 
formation of pyrrolidines. 
After developing our methodology and finding acceptable conditions for the two key 
parts of this catalytic cycle, a series of experiments was performed in order to 
deve lop the scope and viability of thi s catalytic 1,3-dipolar cycloaddition of 
azomethine ylides generated by catalytic diazo-compound decomposition and 
carbenoid insertion. 
Due to the potential versatility of our proposed methodology, we deemed it possible 
to pursue severa l lines of research, such as variations on the dipolarophi le and its 
dipolarophi lic character, variations on the imidazo line moiety and variations on the 
diazo compounds acting as carbenoid and azomethine yl ide precursors. The first two 
of these were our priorities for the study of the 1,3-dipolar cycloaddition reaction. 
4.11 General procedure for the synthesis of pyrroloimidazole cycloadducts 
In this method, we simultaneously added over a period of two hours via a syringe 
pump and at a temperature controlled in the range of 30-40°C, separate so lutions of 
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ethyl diazoacetate and several dipolarophiles in dichloromethane to solutions of 
either N-benzyl or N-methyl-2-imidazoline in anhydrous dichloromethane in the 
presence of a cata lyt ic 10 mol% copper trifl ate (CU(OTf)2), 10 mol% ybtterbium 
triflate (Yb(OTf)J) and 4A molecular sieves. After the completion of the addition, the 
reaction was maintained at 40°C and monitored by TLC. After 20 h, when complete 
consumption of the imidazoline had occurred, as evidenced by TLC, the reaction was 
stopped. Work-up of the reaction and purification of the reaction mixture by column 
chromatography typically afforded the corresponding N-benzyl and N-methyl-
pyrroloimidazo line cycloadducts. 
4.11.1 Synthesis of I-benzyl-5,6, 7 -tris( ethoxycarbonyl)hexahydro-lH-
pyrrololl,2-a I imidazole 
Reaction was performed using the standard procedure (Scheme 96) with N-benzyl-2-
imidazoline 63 and diethyl fumarate (Scheme 97) as starting materials for the 
reaction. 
Sn 
/ 
N C> N 
i) 10 mol% Cu(OTfJ, 
N2CHC02Et 
.. 
ii) Diethyl fumarate 
10 mol% Yb(OTf), 
4A MS 
Scheme 97 
Sn 
/ C :~.,,\'C02Et 
r C02Et 
Et0 2C 
151A, 30%yield 
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The desired cycloadduct 151A was obtained as pale yellow oil in 30% yield. The 
corresponding IH and llC NMR spectra display the corresponding peaks for 
cycloadduct 151A as a single diastereoisomer. Molecular structure and 
stereochemistry were determined as has been explained previously in this chapter 
(see section 4.4) and will be highlighted again later (section 4.11.1.3). It can be 
highlighted that an increment in the yield of compound 151A is observed by this new 
methodology. 
4.11.2 Synthesis of I-bcnzyl-5-ethoxycarbonyl-6, 7-
bis( methoxyca rbonyl)hexahyd ro-lH-pyrrolo [1 ,2-a I imidazole 
Reaction was performed using the standard procedure (Scheme 96) with N-benzyl-2-
imidazoline and dimethyl fumarate as the starting material s (Scheme 98). 
Sn 
I 
N C> N 
i) 10 mol% Cu(OTt), 
.. 
ii) Dimethyl fumarate 
10 mol% Yb(OTth 
4AMS 
Scheme 98 
Sn 
I 
C:~~~'C02M e 
rC02Me 
Et02C 
150, 48 % yield 
The desired cycloadduct 150 was obtained as a ye llow oil in moderate yield (48 %). 
The corresponding II-[ and Il C NMR spectra suggested the resulting cycloadduct 150 
to be almost entirely composed of diastereoisomer 150A, shown in the Scheme 98, 
with only a trace amount of another diastereoisomer, which was not isolated. The 
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structure and stereochemistry were determined as is explained elsewhere In this 
chapter. Once again, an increase in the yield of the reaction is observed. 
4.11.3 Synthesis of 5,6,7 -tris( ethoxycarbonyl)-I-methylhexahydro-1H-
pyrrololl,2-a)imidazole 
Reaction was performed using the standard procedure (Scheme 96) with N-methyl-
2-imidazoline and diethyl fumarate as the starting materials (Scheme 99). 
Me Me Me 
/ i) 10 mol% Cu(OTf), / / N CN H (?:,oo,,, Cl N2CHC02Et \,C02Et • .,' N ii) Diethyl fumarate N and 
10 mol% Yb(OTn, C02Et 'I/C02Et 
4AMS Et02C Et02C 
191% yield • 164A 1648 
ratio 3 :1 
Scheme 99 
The reaction proceeded in excellent total yield (9 1 %). Pyrroloimidazole cycloadduct 
164A and diastereomeric cycloadduct 164B were isolated as a yellow oil in a 3: 1 
ratio. The molecular structure of compounds 164A and 164B can be justified by IH 
and IlC NMR spectroscopy in addition to mass spectrometry, which showed M+W 
343.1864 (calc. M+W 343 .1 867). IH NMR spectra showed a doublet (0=3.97 ppm 
and 0=3.78 ppm, 164A, 164B respectively) corresponding to the C-7a proton and 
another doublet (0=4. 14 ppm and 0=3.77 ppm, 164A, 164B respectively) 
corresponding to the C-5 proton. Also the C-6 proton appears at 0=3 .64 ppm as a 
doublet of doublets for compound 164A and at 0=3.70 ppm as a triplet for compound 
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164B. This may suggest the relative stereochemistry between C-5, C-6 and C-7 (see 
below). These data confirm the presence of a system containing four consecutive 
CH. In addition, the 13C NMR spectrum shows the presence of 4 x CH3, 5 X CH2, 4 x 
CH and 3 quaternary carbons. 
Finally, the relative stereochemistry of the four new chiral centers was determined by 
n.O.e difference spectroscopy experiments on some iso lated pure material 
corresponding to compound 164A. Irradiation at 0=3.97 ppm corresponding to the 
bridgehead C-7a proton effects a high enhancement of the signal for the C-7 proton 
(0=3 .77 pp m) and no enhancement was observed of the signal for the C-6 proton and 
C-5 proton, whilst irradiation at C-7H (0=3.77 ppm) effects no enhancement of the 
signal corresponding to C-6 and C-5. Finally, irradiation at C-6H (0=3.64 ppm) and 
C-SH (0=4.14 ppm) effects in both cases a high mutual enhancement and no 
enhancement on the C-7 and C-7a protons. This indicates a cis relationship between 
C-5/C-6 and C-7/C-7a protons and a lrans relationship between C-7aJC-6, C7aJC-5, 
C-7/C-6 and C-7/C-5 protons. These effects are summarized in Figure 31. 
0% 
Figure 31 
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This is accordance to the proposed transition state model explained before and shown 
in Figure 32. 
~~_Me re .. " N H , ri-'-' '- H H_O_M_O_d_,po_,_e_--I_ C
N
9:",\CO'R 
H~CO'E~O'Ci-H .. 
-- ~, CO,R H~ LUMOd,po>.roPhlle EtO,C 
CO,R 
major product 
Figure 32 
We believe that the relative stereochemistry of the minor product 164B is that arising 
from a 7-exo approach of 1,3-dipole and dipolarophile by analogy with the minor 
isomers previously reported for this type of cycloadditions64 
4.11.4 Synthesis of 5-ethoxycarbonyl-6, 7 -bis(methoxycarbonyl)-I-
methylhexabydro-1H-pyrrolo[I,2-a)imidazole diastereoisomers 
Reaction was performed using the standard procedure (Scbeme 96) with N-methyl-
2-im idazoline and diethyl fumarate as the starting materials (Scheme 100). 
Me Me Me I i) 10 mol% Cu(OTf), I I N 
C;5(·· r:::~'O'M' C> N,CHCO, Et • N ii) Dimethyl fumarate N band 
10 mal% Yb(OTf), d C d C 
CO,Me "'llco,Me 
4AMS EtO, C EtO,C 
160% yield ~ 165A, 40 % 1658, 21 % 
ratio 2 :1 
Scheme 100 
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The reaction proceeded in quite good yield (60%). Cycloadduct 165A was isolated as 
a yellow oi l in 40% yield and cycloadduct 1658 as a light-yellow oil in 21 % yield. 
The structures for the molecules 165A and 1658 can be assigned by using lH and l3C 
NMR spectroscopy and by analogy with compound 164A and 1648 and is 
summarised in Table 4.2 for the major isomers. 
164A 165A 
o/ppm JlHz o/ppm JlHz 
C-SH 4.15 (d) 7 4.17 (d) 6.7 
C-6H 3.64 (dd) 6.7,9.2 3.68 (dd) 6.7,9.4 
C-7H 3.77 (t) 7.6 3.77 (m) 
C7aH 3.97 (d) 7.6 3.97 (d) 7.7 
Table 4.2: Comparison of selected IH NMR data for compounds l64A and 165A 
The relative stereochemistry was determined by n.O.e. difference spectroscopy on 
the major isomer 165A and is shown on F igure 33 (see Appendix VII). 
CJ ~~C019h rtH "IIIH 0% Et02C ~ 
= CO2 
165A 
0% 
Figure 33 
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The success of our catalytic 1,3-DCA experiments with different imidazolines 
prompted us to further investigate the scope of this methodology towards pyrrolidine 
generation. Consequently, a range of dipolarophiles with different dipolarophi lic 
character, such as asymmetric ones with a single electron-withdrawing group were 
reacted with imidazolines under our standard reaction conditions fo r this new 
methodology. 
In some cases, two regioisomers of the cycloadduct can be formed in the reaction 
when R2 and RJ are different substituents, as shown in Scheme 101 , where the two 
possible regioisomers are shown of what we assign as the stereochemistry of the 
major cycioadduct formed from the most stable transition state. However, we can 
predict that under our reaction conditions complete regioselectivity will be observed, 
where the negati ve part of the 1,3-dipole (azomethine ylide) reacts with the 
electropositive part of the dipolarophile. 
R 
/ 
N Cl 
N 
i) 10 mol% Cu(OTD2 
N2CHC02Et 
• 
ii) Dipolarophile 
10 mol% Yb(OTD3 
4A MS 
R R 
/ / 
C:~.,\'R:r C:~·,\'R3 
~R3 ~R2 
Et0 2C Et02C 
A B 
Scheme 101 
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4.11.S Attempted syntbesis of l-benzyl-S,7-bis(etboxycarbonyl)bexabydro-1H-
pyrrolo[ 1 ,2-a)imidazole 
Reaction was performed using tbe standard procedure (Scbeme 96) witb N-benzyl-2-
imidazoline and etbyl acrylate as tbe starting materials (Scbeme 102). 
Bn 
/ 
N C> N 
i) 10 mol% Cu(OTf), 
N, CH CO, Et 
.. ... __ . __ ... _ . . .,.. 
ii) Ethyl acrylate 
10 mol% Yb(OTf), 
4A MS 
Scbeme 102 
Bn 
/ 
c:~(~' 
EtO,C 166 
Tbe des ired cycloadduct 166 was not isolated. Tbe IH and IlC NMR spectra show 
peaks indicative of cycloadduct 166 being formed in trace amount. We were unable 
to iso late it and determine the relative stereochemistry of the cycloadduct. 
4.11.6 Syntbesis of S, 7-bis( etboxycarbonyl)-I-metbylbexabyd ro-l H-
pyrrolo [1 ,2-a) imidazole 
Reaction was performed using the standard procedure (Scbeme 96) with N-methyl-
2-imidazoline and ethyl acrylate as the starting materi als (Scbeme 103). 
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Me 
/ 
N Cl 
N 
i) 10 mol% Cu(OTf), 
N2CHC02Et 
ii) Ethyl acrylate 
10 mol% Yb(OTD3 
4AMS 
Me 
/ 
CN/tC02Et 
Ny and 
Et02C 167 
Scheme 103 
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Me 
/ C:Y;",,'C02Et 
r C02Et 
Et02C 168,20% 
Despite the IH and IlC NMR spectra showing peaks that could be indicative of 
cycloadduct 167 being formed , it was very di fficult to complete an ass ignment due to 
the complexity of the spectra. Formation of compound 167 was confirmed by mass 
spectrometry (M+Htfound 27 1.1 663. However, we were unable to purify it and 
determine the relative stereochemistry of the cycloadduct. 
This reaction proceeded with the formation of cycloadduct 168 in addition to the 
expected cycloadduct 167. This result was evidenced by the IH and IJC NMR spectra 
which showed the presence of 3 ethyl ester groups. The DEPT IlC NMR spectra 
revealed that C-5 carbon corresponded to a CH carbon and not a CH2. This is 
summarised and compared with the previously isolated compound 164A in the 
fo llowing Table 4.3, both confirming the identity and stereochem istry of the 
cycloadduct 168, as shown in Scheme 103. 
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164A 168 
Ii/ppm JlHz Ii/ppm JlHz 
C-SH 4.IS (d) 7 4.17 (d) 7 
C-6H 3.64 (dd) 6.7, 9.2 3.64 (dd) 6.7, 9.2 
C-7H 3.77 (t) 7.6 3.77 (t) 7.6 
C7aH 3.97 (d) 7.6 3.97 (d) 7.6 
Table 4.3: Comparison of selected 1H NMR data for compounds 164A and 168 
[n addi tion, mass spectrometry analysis (M+H+ fo und 343. 1867) further confirm s the 
identity of cycloadduct 168, which we had previously isolated as 164A from the 
reaction using diethyl fumarate as the dipolarophi le (see section 4.11.1.3). 
We were not completely surprised at the formation of product 168 and the low yield 
obtained in the reaction. This is because of the feas ibility of carbenes to dimerise, as 
shown in Scheme 104, for the in situ formation of diethyl fumarate in this particular 
case. Diethyl fumarate immediately acts as a competitive dipolarophile for the 
reaction shown in Scheme 103, and with the fumarate being a better dipolarophi le 
than ethyl acrylate, cycloadduct 168 is preferentially formed. 
LnM 0 
o : )It\~ )l / MLn 
EtO cb" + ---I.~ EtO C • r-,'t .. ~ ~~·1 OEt 
LnM Y 
o 
Schem e 104 
1 ~ / OEt 
EtO' "'-Y I( 
o 
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4.11.7 Attempted synthesis of I-benzyl-7-chloro-7-cyano-5-
ethoxycarbonylhexahydro-IH-pyrrolo [1 ,2-0] imidazole 
Reaction was attempted using the standard procedure (Scheme 96) with N-benzyl-2-
imidazoline and 2-chloroacrylonitrile as the starting materi als (Scheme 105). 
Sn 
/ 
N C> N 
Sn 
i) 10 mol% Cu(OTf), / 
N2CHC02Et CN~H Cl 
--- ------ -------- ..... 
"IICN 
ii) 2·chloroacrylonitrile N 
10 mol% Yb(OTfb 
4A MS Et02C 169 
Scheme 105 
Unfortunately, reaction did not yield the desired cycloadduct 169. I H NMR spectra 
of the crude reaction mixture showed a complex mixture of products. After column 
chromatography, different fractions showed recovered starting materials along with 
some unidentified products. 
4.11.8 Synthesis of 7-chloro-7-cyano-5-ethoxycarbonyl-I-methylhexahydro-
IH -pyrrolo [1,2-0] imidazole 
Reaction was performed using the standard procedure (Scheme 96) with N-methyl-
2-imidazoline and 2-chloroacrylonitrile as the starting materials (Scheme 106). 
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Me Me 
/ i) 10 mol% Cu(OTO, / 
N CN H C C> N,CHCO,Et .. '~':" N ii) 2-chloroacry lonitrile 10 mol% Yb(OT03 
4AMS EtO,C 
170, 20% yield 
Scheme 106 
Despite the IH and !lC NMR spectra showing peaks that could be indicative of 
cycloadduct 170 being fo rmed it was very difficult to complete the assignment due to 
the complexity of the spectra. Formation of compound 170 was confirmed by mass 
spectrometry (M+Ht fo und 257.821 1. However, we were unable to puri fy it and 
determine the relative stereochemistry of the cycloadduct. 
4.11.9 Synthesis of an N-methylmaleimide cycloadduct 
This reaction was performed fo llowing the standard procedure (Scheme 96) using N-
benzyl-2-imidazoline and N-methylmaleimide as the starting materials (Scheme 
107). 
Bn 
/ 
N C> N 
i) Cu(OTO, 
10 mol% 
N,CHCO,Et 
-- ------- - -- - - - - - .. 
ii) N-methyl maleimide 
Yb(OT03 
10 mol% 
4AMS 
Scheme 107 
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The reaction did not proceed as expected (Scheme 107), with the formation of 
cycloadduct 171. Instead, another cycloadduct 172 was fo rmed as the major product 
for the reaction in conj unction with the pyrazole 173 by-product, of the type already 
observed in reactions of this nature (Scheme 108). Cycloadduct 172 was obtained in 
a moderate yield of 40% as a ye llow crystalline compound. 
Sn 
I 
N C> N 
i) 10 mol% Cu(OTD, 
N,CHCO, Et 
ii) N-methyl maleimide 
10 mol% Yb(OTD3 
4AMS 
5 
o/'N 
\ Me 
o 
.,'\\( N-Me 
"'111 \\ and 
00 
172, 40 % yield 
Scheme 108 
o H H 
Me-'m· 
o H CO,EI 
173. 10 % yield 
The molecular structure of compound 172 was determined by IH NMR and IlC 
NMR spectroscopy and supported by mass spectrometry that measured M+I-f' 
383 .1 710 corresponding to compound 172 and in agreement with the calculated 
M+I-f' 383 .171 4. Indeed, the expected characteristic CoS proton and its coupling with 
C-6H was not present in the I Hand IlC NMR spectra, instead a quaternary carbon 
(0=69.4 ppm) was found in the IlC NMR spectrum in addition to a doublet signal at 
0=3 .21 ppm (J=8 Hz) in the IH NMR spectrum, corresponding to the C-6 proton 
coupled with an apparent triplet at 0=3.93 ppm corresponding to the C-7 proton. C-
7aH appears at 0=4.83 ppm (J=7 .6 Hz). The fact that the C-7 proton shows as a 
triplet and the similarity of the l J values for C-6 and C-7a suggests a cis re lationship 
between all three CH protons. The structure and relative stereochemistry of both of 
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these obtained products, was confirmed by X-ray crystallographic analysis as shown 
below with crystallographic numbering (see Appendix II and Ill). 
X-ray structure of compound 172 
X-ray structure of compound 173 
H 0 
\ \ \ .. ( 
N- Me 
"/I/{ 
00 
The generation of a spiro centre during the catalytic 1,3-DCA, is remarkable, and is 
discussed in the next section. Pyrazoline by-product 173, was obtained as a 
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colourless crystalline compound in 10% yield and as a mixture of isomers, from 
cycloaddition of undecomposed diazoester with the maleimide. 
4.11.9.1 Carbene insertion versus Michael addition 
We believe 2: I cycloadduct 172 is formed via a conjugate addition and proton-
transfer 1,3-DCA reaction, fo llowing the pathway we have described earlier in 
Chapter 3 o f thi s thes is. The N-methylmaleimide 174 is a very good Michael 
acceptor, and it therefore reacts with the lone pair of electrons on the azomethine 
nitrogen of the imidazoline acting as a nucleophile of the conjugate addition reaction. 
Conjugate add ition is fo llowed by a proton-transfer equil ibrium to form azomethine 
ylide 175, which reacts further with another molecule of the N-methylmaleimide 
acting as dipo larophile in a I ,3-d ipolar cycloaddition reaction (Scheme 109). 
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Sn 
/ 
N C> 
.. ~ 
174 
H 0 
\I"'Z 
• 
Michael addlUon 
o 
Sn 
I 
N C+> N 
----
N-Me ~.<-----
"'II{ 
00 
172 
1,3·DCA 
Scheme 109 
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Sn Sn 
/ / 
N N C> H"ffi"'" C+) 
9:
N 
:== 9:N - 0 
N..... N ..... 
Me Me 
o 0 175 
,/ 
N-Me 
o 
The observed relative stereochemistry matches that expected from our transition state 
model, wi th the ylide activating group syn to the bridgehead C-7al-/, and anti to the 
C-7 substituent (Figure 34A) and from an endo approach mode (Figure 34B). This 
type of 2: I cycloadduct with maleimide has also been observed by another member 
of our group. I I? 
Bn Bn 
/ I 0 
e+:>-~'. eN H ,,\\\( N N-R 
9:' .. "'II( OI'N 00 N, H LUMOdiporarophile R , R 
0 A 0 B H 
Figure 34 
139 
Chapter 4 Results iIIul Discussioll 
We believe there is competition between the carbene insertion mechanism and the 
Michael addition mechanism, when our methodology for catalytic 1,3-DCA is 
applied with excellent Michael acceptors such as maleimides. Furthermore, the same 
results are observed when N-phenylmaleimide was used as the dipolarophile with 
both N-benzyl and N-methyl imidazoline (see below). The preference for conjugate 
addition reaction maybe due to kinetic factors, wi th conjugate addition-proton 
transfer being faster than diazoester decomposition-carbene insertion. 
4.11.10 Synthesis of an N-pbenylmaleimide cycloadduct 
This reaction was performed foll owing the standard procedure (Scheme 96) with N-
benzyl-2-imidazoline and N-phenylmaleimide as the starting material s (Scheme 
110). 
Bn 
/ 
N C> N 
i) 10 mal% Cu(OTf), 
N2CHC02Et 
.. 
ii) N-phenyl maleimide 
10 mal% Yb(OT~3 
4AMS 
Scheme 110 
176,40 % yield 
Again, the reaction proceeded with the formation of 2: 1 cycloadduct 176 in 40% 
yie ld, via the Michael addition reaction between N-phenylmaleimide and N-benzyl-
2- imidazo line. The molecule structure was determined by IH and IlC NMR 
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spectroscopy and by companson between compounds 172 and 176, which are 
summarised in Table 4.4. 
172 176 
8/ppm JlHz 8/ppm JlHz 
C-5C 69.4 70.1 
C-6H 3.21 (d) 8 3.52 (d) 7.9 
C-7H 3.93 (t) 7.9 4.09 (t) 7.8 
C7aH 4.83 (d) 7.6 4.86 (d) 7.9 
Table 4.4: Comparison of selected 'H and 13C NMR data for compounds 172 and 176 
The relative stereochemistry of cycloadduct 176 was determined by n.O.e difference 
spectroscopy as shown in Figure 3S and is analogous to that observed for the N-
methylmaleimide adduct 172 above (see Appendix VIII). 
Figure 3S 
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4.11.11 Synthesis of maleimide cycloadducts with N-methylimidazoline 
The reaction was performed following the standard procedure (Scheme 96) using N-
methyl-2-imidazoline and N-methylmaleimide as the starting materials (Scheme 
111), to afford the now expected 2: 1 cycloadduct 177 in 35% yield. 
Me 
/ 
N Cl 
N 
i) 10 mol% Cu(OTfh 
N,CHCO,EI 
ii) N·melhyl maleimide 
10 mol% Yb(OTf), 
4A MS 
Me 
/ 
N H 0 C 7> 7 .,\\< 
N N-Me 
5 6 "'II( 
ol 'N 0 0 
\ 
Me 
177.35 % yield 
Scheme 111 
The molecular structure of compound 177 was determined by IH NMR and lJC 
NMR spectroscopy and supported by mass spectrometry that measured M+W 
307.1406 corresponding to compound 177 and in agreement with the calculated 
M+W 307. 1409. Firstly, a quaternary carbon for C-5 (0=69.4 ppm) was found in the 
DEPT IlC NMR spectrum. In addition, the IH NMR spectrum showed a doublet 
signal at 0=3.1 6 ppm (J=7.9 Hz) corresponding to the C-6 proton coupled with an 
apparent tri plet at 0=3.8 1 ppm corresponding to the C-7 proton. C-7aH appears at 
0=4.44 ppm (J=7 .6 Hz). The fact that the C-7 proton shows as a triplet and the 
similari ty of the 3 J values for C-6 and C-7a suggests a cis relationshjp between all 
three CH protons. The re lative stereochemistry of cycloadduct 177 was confirmed by 
n.O.e di ffe rence spectroscopy where irradiation at 0=4.44 ppm corresponding to the 
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bridgehead C-7a proton effects a high enhancement of the signal for the C-7 proton 
(8=3.81 ppm) and CH3 protons of the -methyl substituent (8=2.45 ppm), whilst no 
enhancement was observed of the signal for the C-5 proton. Finally, irradiation at C-
7H (8=3.81 pp m) effects high enhancement of the signals corresponding to the C-7a 
and C-6 protons. This indicates a cis relationship between the C-5, C-6 and C-7a 
protons. These effects are summarized in Figure 36. 
high 
Figure 36 
The reaction was also performed using the standard procedure (Scheme 96) with 
methyl-2-imidazo line and N-phenylmaleimide as the starting materials (Scheme 
112). Once again, the 2: I cycloadduct 178 was isolated, in 40% yield with the 
expected stereochemistry. 
Me 
I 
N C> N 
i) 10 mol% Cu(OTfJ, 
N2CHC02Et 
ii) N-phenyl maleimide 
10 mol% Yb(OTfb 
4A MS 
Scheme 112 
H 0 
\\\· ·Z 
N- Ph 
"'I'( 
00 
178, 40 % yield 
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As has been analysed for compound 177, the molecular structure for compound 178 
was determined by lH and llC NMR spectroscopy and is summarized and compared 
with the data obta ined for compound 177 in the fo llowing Table 4.5. 
177 178 
o/ppm JlHz o/ppm JlHz 
C-5C 69.4 70.1 
C-6H 3. 16(d) 7.9 3.46 (d) 8 
C-7H 3.81 (t) 7.7 3.94 (t) 8 
C7aH 4.43 (d) 7.6 4.56 (d) 7.9 
Table 4.5: Comparison of selected 'H and BC NMR data for compounds 177 and 178 
4.11.12 Attempted synthesis of a cycloadduct with a chira1 imidazoline 
Reaction was performed using the standard procedure (Scheme 96) with the crural 
(R)-I-methyl-4-phenyl-4,5-dihydroimidazole 98 and diethyl fumarate as the starting 
materials (Scheme 113). 
Me 
') / 
, 10 mol% Cu(OTf), eN H 
N2CHC02Et ~"\'C02Et 
-- --- -- --- -------..- . 
\" N 
ii) Diethyl fumarate Ph~ 
10 mol% Yb(OTf), C02Et 
Et02C 179 
4AMS 
98 
Scheme 113 
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The desired cycloadduct 179 was not iso lated. The corresponding IH and IlC NMR 
spectra show peaks that could be indicative of cycioadduct 179 being fo rmed in trace 
amount. We were unable to isolate it and determine the relative stereochemistry of 
the cycloadduct 179. 
4.11.13 Synthesis of a benzimidazole cycloadduct 
Reaction was performed usmg the standard procedure (Scheme 96) with 
benzimidazole and diethyl fumarate as the starting materials (Scheme 114). 
Me 
/ ex) i) 10 mol% Cu(OTf), N,CHCO,Et -----------------~ ii) Diethyl fumarate 
10 mol% Yb(OTf)3 
4AMS 
Scheme 114 
Me 
('YJ H ~N~"'\,CO,Et 
r CO,Et 
EtO,C 180 
The reaction did not proceed as expected (Scheme 39) with the formation of 
cycloadduct 180, instead compound 181 has been isolated as orange crystals in 47% 
yield (Figure 37). 
Me 
/ ex:>:yoo,,, 
~CO'Et 
EtO,C 181 
Figure 37 
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We suggest that formation of compound 180 from the cycloaddition has been 
successful but that it has undergone further oxidation under the reaction conditions to 
form compound 181. We have seen other post-cycloaddition transformations in 
previous work in the group (see section 5.1.3.3 in Chapter 5)64 
The molecular structure of compound 181 was determined by IH and IlC NMR 
spectroscopy in add ition to mass spectrometry, which showed M+W 389. 170S (calc. 
389.1713). The IH NMR spectra showed two doublets coupled to each other 
corresponding to C-SH (8=4.96 ppm) and C-6H (8=4.68 ppm), which indicates the 
absence of a proton on the C-7 carbon contiguous to C-6H. The IlC NMR spectra 
also showed the presence of just two CH apart from the corresponding to the 
aromatic protons. Finally, confirmation of the molecular structure and the relative 
stereochemistry was determined by X-ray crystallographic analysis as shown below 
(see Appendix IV), enantiomer illustrated, with crystallographic numbering. 
Me 
/ 
o=:~oo'" ~CO'Et 
EtO,C 
X-ray structure of compound 181 
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Also, along with compound 181 another minor product of the reaction was formed. 
Compound 182 was isolated as ye llow crystals in 20% yield (Figurc 38). 
Me 
/ 
~NM ~N CO,Et ) 
EtO,C 182 
Figure 38 
The molecular structure of compound 182 was determined by 'H and IlC NMR 
spectroscopy. 'H NMR showed the presence of a CH (8=5. 13 ppm) and CH2 (8=3.45 
ppm), each as a singlet signal. The chemi cal shift for the CH is high indicating the 
presence of a double bond and the singlet indicates the absence of protons at the 
contiguous carbons. The relative stereochemistry and confirmation of the molecule 
structure was determined by X-ray crystallographic analysis as shown below (see 
Appcndix V). The crysta l structure indicates that the configuration may be stabilised 
by a hydrogen bond as shown in 183 (Figure 38). 
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X-ray structure of compound 182 
Results alld Discussioll 
Me 
/ 
~Nh ~N C02Et ) 
Et02C 
Rationali zation for the formation of compound 182 could be as shown in Scheme 
115. Initial ylide formation via carbene insertion takes place followed by a proton 
transfer equilibrium. The N-heterocycl ic carbene (NHC) resonance form 184 of the 
ylide could react with another molecule of the ethoxycarbonyl carbene to yield 
compound 182. 
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Me Me 0=2 =W=Shift= 0=)-
)- ) 
Et02C Et02C 
Scheme 115 
Me 
~I ~ J) ;}CHC0
2
Et ~N C 
184 Et02C 
) 
We have discovered a new route to imidazo linium ylide generation by catalytic 
mediated carbene insertion of diazocompounds. Subsequent intermolecular 1,3-
dipolar cycloaddition reaction with a good range of dipolarophiles also proved 
successful, generating a catalytic cycle for the formation of hydropyrroloimidazoles 
cycloadducts. The methodology was also optimized by the use of a Lewis acid and in 
the presence of 4 A molecular sieves, producing hydropyrroloimidazoles in good to 
excellent yield . 
We have created another base-free alternative for the ylide formation as well as a 
"clean" cycle, using the metal-catalyst and the Lewis acid in substoichiometric 
amounts and generating nitrogen as by-product of the reaction. Consequently, metal-
residues are minimized and can be recovered and re-used after reaction. 
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The methodology was proved to be efficient with a range of dipolarophiles apart 
from when the dipo larophi le is an excellent Michael acceptor that has been proved 
that will react with the imidazoline via conjugate addition-proton transfer to form the 
imidazolinium ylide, as it has been shown in the previous chapter. The Lewis-acid 
has also proved to be a good component for activation of the 1,3-dipolar 
cycloaddition reaction. 
Nevertheless, there is a good range of dipolarophiles, metal-catalyst ligands and 
di ffe rent substitution patterns to be explored with the use of thi s methodology as well 
as induction of stereoselecctivity with the use of ch iral components in the metal-
ligands, the dipolarophile and the imidazolines. 
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CHAPTER 5: INTRAMOLECULAR 1,3-DlPOLAR CYCLOADDlTlON 
REACTIONS OF IMIDAZOLINIUM YLIDES 
5.1 Introduction 
The methodology applied in thi s part o f the study describes the attempted generation 
of imidazo linium ylides by N-alkylation of 4,5-dihydroimidazo les or by the addition 
of the heterocycles to Michael acceptors to form the corresponding azomethine 
ylides. In the case of intramolecular 1,3-dipolar cycloaddition reactions, the 
dipolarophile is tethered to the azomethine ylide. Consequently, the presence of a 
suitable alkene moiety in the alkylating agent or Michael acceptor is an essential 
requisite . 
Firstl y, we begin by introducing some basic aspects of the intramolecular 1,3-dipolar 
cycloaddition reaction, a compari son between the intramolecular and intermolecular 
methods of performing the 1,3-dipolar cyc loaddition reaction and a brief review of 
the previous work performed in thi s area. Results from our investigation are then 
presented and discussed. 
5.1.1 Basic Concepts 
In an intramolecular 1,3-dipolar cyc loaddition reaction, the 1,3 -dipole and the 
dipo larophile are part of the same molecule. There ex ist two possibilities for thi s 
process with azomethine ylides, one wi th the dipolarophile tethered to one of the 
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carbon atoms and the other to the nitrogen atom of the azomethine ylide. The former 
is more common and leads to fused ring systems, whereas the second one gives rise 
to bridged bicyclic systems (Figure 39).186 Both types of products contain significant 
complexity inherent from the intramolecular nature of the reaction. 
R 
-/~ • 
R 
I 
CO Type I 
.. Type 11 
Figure 39 
Connecting the dipolarophile to the carbon atom of the dipole is analogous to type / 
intramolecular Diels-Alder reactions, whereas connection to the nitrogen atom is 
analogous to type /I intramolecular Diels-Alder reaction.187 In both type / and type // 
cases, it is important to consider the length of the tether between the dipole and the 
dipolarophile. No cycloaddition occurs if the tether is too short; there are no reported 
examples of three-membered ring formation and only one fo r fo ur-membered ring 
fo rmation. 188 
Tethering the dipole and the dipolarophile makes the reaction more entropically 
favourab le,86 and conformational constraints normally limit the effective orbital 
overlap such that one regioisomer is much preferred over the other. 189,190 This 
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regioselectivity may be contrary to that normally obtained in the corresponding 
intermolecular reaction, making the reaction a very versati le too l. 191 
5.1.2 Intramolecular versus intermolecular 1,3-DCA reactions 
The regioselectivity imposed by conformational constraints together with other 
factors provide some advantages to the intramolecular 1,3-dipolar cycloaddition 
reaction over the intermolecular reactions, 192 
An advantage of the intramolecular dipolar cycloaddi tion reaction is that it can be 
effective with electron-rich dipolarophiles, thus in some cases the substituents do not 
necessaril y have to be electron-withdrawing groups, For example, alkyl-substituted 
dipolarophiles are unreactive in intramolecular cycloaddition reaction wi th 
azomethine ylides but are suitable in the intermolecular variant (Scheme 116) ,193 
Therefore, a greater range of substituted pyrrolidine products is accessible with thi s 
chemistry, 
o 
>--N~ RHN/"'...C02Et 
°0 ·, --M--1-5-'----O·~ 
'I/CHO w" mln 
79·81% 
Scheme 116 
>-N 
o 
C02Et 
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This aspect combined with the enhanced reactivity and the abili ty of the reaction to 
generate complex polycyclic or bicyclic ring systems in only a few steps, has helped 
to promote thi s reaction in organic synthes is. 
5.1.3 Application of the intramolecular 1,3-DCA reaction with azomethine 
yJides 
Intramolecular cycloaddition reactions usmg azomethine ylides have received 
significant interest for the formation of substituted cyclic amine products, many of 
which are present in a variety of alkaloid natural products. However, it is necessary 
to construct a substTate containing both a dipole and a dipolarophile in the same 
molecule. Nevertheless, there exist various methods for the preparation of 
azometh ine ylide dipoles that allow ready access to such substrates. Some of these 
methods are reviewed in Scheme 11786 
7 
R'~R'--~·~ 
aziridines 
R'CHO 
aldehydes 
~ RNHCH,R' 
azomethine ylide 
heterocycles 
Scheme 117 
_R'~N~R' 
imlnes 
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Based on the relevance to our own research, we describe the generation of ylides 
from imines and give a brief rev iew of thi s fi eld . The formation of ylides from 
imines can be performed by prototropy, metalation and alkylation. 
5.1.3.1 By Prototropy 
This approach was developed by Grigg and co-workers 194 and is very useful for the 
direct fo rmation of N-unsubstituted products when a hydrogen atom is attached to 
the nitrogen atom of the azomethine ylide. These ylides are available from imines by 
migration of a proton from the a -carbon to the nitrogen atom, called a 1,2-
prototropic shi ft (Scheme 118) . 195.196 
/ C0-,,~ 
I 
H 
Scheme 118 
The 1,2-prototropic shi ft can be promoted by heating imines derived from aromati c 
a ldehydes and a-amino esters. For example, heating the imine 188 in xylene gave the 
d iastereomeric adducts 189A and 189B (Scheme 119)I97 
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Scheme 119 
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0 
189A 
H 
H 
+ C02Me 
1898 
C02Me 
The rate determining step of these intramolecular reactions is thought to be the 
cycloaddition rather than the 1,2-prototropic shift. This is In contrast to the 
corresponding intermolecular reaction with activated dipolarophiles, in which ylide 
formation is the rate-determining step. 
5.1.3.2 By Metalation 
In thi s method, usually an imine bearing an electron-withdrawing group (EWG) in 
the position a to the nitrogen atom is treated with a metal salt such as silver acetate 
or lithium bromide and a base such as triethylamine in an aprotic solvent such as 
acetonitrile (Scheme 120).198 Coordination of the metal to the imine nitrogen atom 
activates the substrate to deprotonation and constitutes an alternative to thermal 
activation of imines for the formation of azomethine ylides. 
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c: M+X' ------I_~ ::::".. /'-... NEt, N EWG MeCN 
M+ X' ; LiBr or AgOAc 
/ ~,~ 
I 
M 
Scheme 120 
The N-metalated azomethine ylides appear to have the same properties as those 
formed from other methods as they undergo cycloaddition to electron-poor 
dipolarophiles. However, they can show different reactivities and se lectivities in 
compari son to N-H or N-alkyl azomethine ylides. For example, cycloaddition often 
occurs at lower temperatures in N-metalated azomethine ylides, beneficial fo r 
sensitive substrates (Scheme 121). '99 
CCO~C02R2 I AgOAc -------# ...,;; N~C02R' MeCN,lp r2NEt 
R';Et or Bn 
R2; Me or Et 
RT 
79·87% 
Scheme 121 
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5.1.3.3 By Alkylation 
With this approach, the alkylation of the imine nitrogen atom generates an iminium 
ion, and hence, after subsequent deprotonation or desilylation, an azomethine ylide. 
This method requires a relatively stable imine and sometimes the formation of a 
stabilized ylide to promote cycl isation. One of the first examples of an intramolecular 
dipolar cycloaddition with an azomethine ylide involved the formation of the 
iminium salt 190 from the corresponding aromatic imine and MeOS02F, followed by 
treatment with a strong base (Scheme 122).200 
Ph') 
I NaHMDS + 
Me/NX' 
Ph~Ph ~+N~ Ph~'" ,~ 
Me __ __ 
• 
Me/NX' Me/NX' 
190 OS02F 191 OS02F 192 
~ 35% 
Phh Ph 
/ ~~I ___ N 
193 
Scheme 122 
Initial deprotonation occurs preferentially at the methyl carbon atom of the iminium 
ion 190. Addition of the ylide to another molecule of the iminium ion and proton 
shift yields the dimer 191. A second deprotonation then occurs at the N-methyl group 
to give the azomethine ylide 192 which subsequently undergoes intramolecular 1,3-
DCA reaction to yield cycloadduct 193. 
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It has been shown that isoquinoline 194 can be used in this type of process by 
alkylation with the bromide 195 followed by heating in the presence of a base, such 
as triethylamine (Scheme 123)201 
194 
o 
195 ko Br----.l 
T HF 
then Et3N, THF, 66°C 
then DDQ , DC M 
92% 
• 
Scheme 123 
Ph 
196 
Product 196 was isolated after oxidation of the mixture of dihydropyrroles with 2,3-
dichloro-5,6-dicyano-l ,4-benzoquinone (DDQ) in dichloromethane. 
Previolls members of the l ones group di scovered the use of dihydroimidazoles as 
sui table substrates for N-alkylation followed by subsequent ylide fo rmation. 
Treatment of the dihydroimidazole (S)-67 with the unstable bromo-ester 197, 
followed by slow addition of the base DBU yielded the cyc loadduct 198 (Scheme 
124).202 
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Bn 
/ 
Ph):) 
Br'j ;JC02Et In A 197 I N H 
o 0 I 
----------.. Ph~N 
67 
THF, heat 
then DBU 
40% 
Scheme 124 
o 
198 
Likewise, the enantiomeric (R)-61 gave the enantiomeric cycIoaddition product in 
31 % yield. The structure of the adduct 198 was determined by NMR spectroscopic 
techniques and X-ray crystal structure analysis. The stereochemistry of the ylide was 
fo und to be consistent with an endo approach of the dipolarophile and an anti ylide, 
as found in related intermolecular reactions. 
This methodology was also successful in the alkylation ofN-benzyldihydroimidazo le 
63 with the bromo-ester 197 (Scbeme 125)64 
Bn 
/ H C02Et N 197 C> • • (N THF, heat 15% N OH 
63 then DBU N 
40% 0 / Bn 0 
199 200 
Scheme 125 
However, in this case the primary cycIoadduct 199 was not iso lated, instead it was 
the lactam 200. A plausible explanation for the formation of lactam 200 IS 
eli mination followed by cycI isation oflhe released amine onto the lactone group. 
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Finally, a similar intramolecular mechanism followed by elimination occurs with the 
corresponding a -bromo-ketone alkylating agents 202 (Scheme 126).203 In all cases, 
except R l=Ph, R2=H, R3='Bu, cycloadducts 203 undergo elimination and cyclisation, 
followed by prototropic shift to yield heterocycles 204. 
Sn 
srLJCO'R
3 
o 
202 / 
N 
"" C N}-R' __ .:.:R:..3=...:M:.::e::: ..::E::..t :::or...:' B:::u~ ____ • 
R" THF, heat 
then DBU 
63 R'=R'=H 
201 R'=H , R'=Ph 
(R)-61 R'=Ph, R'=H 
R' 
Bn 
/ 
,CNo::::-R' CO,R3 
\\' N 
"/ O~ 
203 j 30-40% 
R' 
'~'''-=' 
CO,Et 
N 
/ Bn H 
204 
Scheme 126 
When (R)-imidazoline 61 was treated with the alkylating agent 202 bearing a tert-
butyl ester group, the primary cycloadduct 203 was isolated and the structure confirm 
by an X-ray crystal structure. 
161 
Chapter 5 Results alld DisclIssioll 
5.2 Biological applications 
L-Glutamate is an excitatory transmitter ID the chromatophores and in certain 
somatic muscles and its action is mediated primarily via AMPAlkainite-like 
receptors204 The importance of L-glutamate as a neurotransmitter for baroreceptor 
information, cone receptor candidate and also as the most important excitotoxin 
involved in aetiology (the study of the causes of disease) of several 
neurodegenerative diseases such as scleros is, stroke, Parkinson's206 and 
Alzeheimer's,205 has focused ollr attention on agonists such as kainic acid 205 and 
related structures; amongst the more bioactive are 4-aryl compounds 206 (Figure 
40) . 
5.3 Synthetic approach 
205: R= C(Me)=CH2 
206: R= aryl 
Figure 40 
With the methodology developed in the Jones group, using an ester tether and an 
ester-acti vated dipolarophile provides a rapid stereocontrolled approach to 
tri substituted pyrrolopyrazinone 208 and 209. Previously formed adduct 207 
possesses the allo-kainic acid stereochemistry at C-3 ,4 of the pyrrolidine ring 210 
(Scheme 127). Tricycles 208-210 can serve as versatile synthons for new kainoid 
derivati ves . 
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5.4 Synthetic strategy 
Brl 197 I(C02Et 
.A::J o 0 
THF. heat 
then DBU 
Scheme 127 
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base 
Therefore, we plan to exploit the advantage of the intramolecular cycloaddition by 
tethering the alkylating agent and the dipolarophile in the stereocontrolled approach 
to 2,3,4-trisubstituted pyrrolidines. 
We were interested in the importance of the presence of an electron- withdrawing 
group in the dipolarophi le, previously reported unnecessary if the reaction IS 
intramolecular. 86 Finally, based on our previous results, we were attracted to 
investigate and compare two different methods for imidazolinium ylide generation: 
alky lation-deprotonation and conjugate addition-proton transfer protocols and their 
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intramolecular 1,3-DCA reaction and the necessity for two EWG for the conjugate 
add ition approach if the dipolarophile reacts intramolecularly, 
As illustrated in Scheme 128, we wanted to examine different routes to ylide 
formation using two possible protocols and their intramolecular 1,3-DCA reaction, 
Our findings are described in this chapter. First, we will describe the synthesi s of the 
projected tethered dipolarophiles, 
1) Alkylation-deprotonation route 
sr~f R R / 
/ (0, N o 0 n Cl • 
a) THF, a, then DSU N i y) n 
b) NEt3 , DCM, Yb(OTf), R= Me, Sn o~O 
4A MS, Il 
2) Conjugate-addition proton-transfer route 
~f R R / / CN N Cl ° ° 
'Q"'I • N DCM, Yb(OTf), n 4A MS, a r O R= Me, Sn 
0 
Scheme 128 
Method I-protocol b is differs from Method 2 in that the presence of a base IS 
essential for the ylide formation to take place, as shown in Scheme 129, 
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Method 1 
R R 
/ / 
N N e) · +) · R R / / N eN ~--. 
N N 
o 0 o~ o=<-o o 
Method 2 
R R 
/ / eN) . G) Wt~nsfer 
~:1of~) 
o 
R R 
/ / 
r9j--e: ~) 
o 
o 
Scheme 129 
5.5 Synthesis of bromoacetates 
Fo llowing a literature procedure,207 all yl bromoacetate 214 and but-3-enyl 
bromoacetate 215 were prepared by reacting the corresponding alcohols (allyl 
alcohol 212 o r 3-buten-I-ol 213) with one equiva lent of bromoacetyl bromide 211 in 
the presence of a base (NEt3, I equiv.) and 10 mol% of 4-dimethylaminopyridine 
(DMAP). Reactions proceeded in excellent yields and no fu rther purifi cation was 
necessary (Scheme 130). Bromoacetates 214 and 215 proved to be strong 
lacrymogens. 
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0 
Brlf Br0 + HO~ NEt3 .. Br 10% DMAP 
211 212 DGM o 0 
214,95% yield 
0 
Brl) Br0 +HO~ NEt3 .. 
Br 10% DMAP 
DGM o 0 
211 213 
215, 80% yield 
Scheme 130 
5.6 Synthesis of acrylatcs 
Following a literature procedure/os allyl acrylate 217 and but-3-enyl acrylate 218 
were prepared by reacting the corresponding alcohols (allyl alcohol 212 or 3-buten-
1-01 213) with an excess of acryloyl chloride 216 (vigorous reaction) and an excess 
of triethylam ine at ooe. Reactions proceeded in moderate yields and no further 
purification was necessary (Scheme 131). 
0 ~f ~GI + HO~ NEt3 .. Ether 
216 212 OOG o 0 
217, 30% yield 
0 NEt3 ~) ~+HO~ .. Cl Ether 
OOC o 0 
216 213 
218, 46% yield 
Scheme 131 
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5.7 Synthesis of (E)-4-(ethoxycarbonyl)but-3-enyl ethyl fumarate 
Synthesis of (E)-4-(ethoxycarrbonyl)but-3-enyl ethyl fumarate 221 was attempted by 
reaction of the zinc salt 219 of mono ethyl fumarate with ethyl 4-bromocrotonate 220 
in THF under reflux (Scheme 132). Zinc monoethyl fumarate 219 does not 
completely di ssolve in THF, so the reac tion was carried out as a suspension. The 
suspension turned ye llow when the crotonate 220 was added into the solution of 219 
in THF. Reaction was carried out at room temperature during reagent addition and 
then was heated to reflux. Unfortunately thi s not yield compound 221 and only the 
starting materi al 220 was recovered after working-up the reaction. 
a 
Eta 
a 221 
219 
a 
Scheme 132 
We believe that the poor solubility of the zinc salt 219 in THF could have caused the 
fa ilure of the reaction. If so, acidification of the salt with hydrochlori c acid and 
extraction with DCM to fo rm the carboxylic acid 222, fo llowed by reaction of the 
latter with the crotonate 220 could solve thi s problem (Scheme 133). Thus, after 
formation of the carboxylic acid 222 reaction with with one equivalent of 4-ethyl 
bromocrotonate 220 was performed in the presence of diisopropylethylamine 
(DIP EA) in acetone. On this occasion reaction proceeded with excellent yield after 
work ing-up the reaction by washing the crude reaction mixture with a saturated 
solution of sodium hydrogen carbonate. 
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o 
EtO 
- + 
o Zn 
219 
o 
+ EtO 
H , H20 
.. 
o 
OH 
222 
o 
Br~C02Et 
220 
DIPEA, Acetone 
Et0 2Cil ~ yo C02Et 
o 221 , 98% yield 
Scheme 133 
5,8 Alkylation-deprotonatioll route 
In thi s part of study we planned to fo llow the procedure that has previously been 
reported by members of the Jones group64 and is illustrated in Scheme 134, 
Bn Bn Bn 
/ / / 
N N CN "H C02Me C> BrCH2coiBu C> DBU NCf"IMe • THF Me N N+ 
===< )-
Bu'0 2B BU'02C C02Me 
223 
Scheme 134 
A range of bases have been examined for ylide formation by deprotonation of the 
dihydroimidazo linium sa lts obtained by N-a lkylation of N-benzyl-4,5-
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dihydroimidazo le and 1,8-diazabicyclo[S.4.0)-undec-7-ene (DBU) was fOllnd to be 
the best for ylide generation. This protocol can be used as a one-pot procedure as is 
shown in Schemes 125 and 126. 
We examined the use of thi s methodology for the intramolecular 1,3-DCA of 
different imidazo lines with bromoacetates 214 and 215, under two different 
protocols: Protocol A: Consists of the in situ generation of the yJide by addition of an 
excess of a bromoacetate to a so lution of imidazo line in THF at reflux, followed by 
the immediate add it ion of DBU by syringe pump over 4 h. Protocol B: Consists of 
the ill situ generation of the ylide by add ition of a bromoacetate to a so lution of 
imidazo li ne in DCM at reflux over 24 h and in the presence of ttiethylamine and 10 
mol% ytterb ium (riflate. Experiments are summari sed in the following Table 5.1 . 
Brlf 
R 
R / 
/ C:O N o 0 n C> • a) THF, 6, then DBU N ~ ,P) n 
b) NEt3 , DeM, Yb(OTfh R= Me, Bn o~O 
4A MS, 6 224 
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Entry Protocol I midazoline (R=) Alkylating agent 
1 A Me all yl bromoacetate 
2 B Me allyl bromoacetate 
3 A Me but-3-enyl 2-bromoacetate 
4 A Bn allyl bromoacetate 
5 B Bn a llyl bromoacetate 
6 B Benzimidazole all yl bromoacetate 
Table 5.1: Summary of experiment uSlUg alkylatlOn-deprotonatlOn route 
U nfortunately, all of the ex periments fa il ed to produce cyc loadducts 224. The 1[-1 and 
I3C NMR spectra after column chromatography were very complex , and 
consequent ly, their interpretation did not pennit the identificat ion of any products. 
5.9 Conjugate-addition proton-transfer route 
Finally, we wanted the explore the intramolecular 1,3-DCA reaction of ylides fonned 
by conjugate-addi tion proton-tranfer route analysed in Chapter 3 for the 
intemlolecular version of the 1,3-DCA reaction. The protocol used in thi s part of the 
study consisted of the in situ generation of the ylide by addition of Michae l acceptor 
to a so lution of a imidazoline in DCM at reflux over 24 h and in the presence of a 10 
mol% ytterbium tri/late. Experiments are summarised in the following Table 5.2. 
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R :lo;' / N Cl .. 
N DCM, Yb(OTD, n 
4A MS, 6 
R= Me, Bn 225 
EtO,C (l 0 
R 
/ 
N \ro '" I 00," Cl CO,Et 0 .. 
N 
DCM, Yb(OTD, 
R= Me, Bn 
4AMS, /J. EtO,C 
0 
226 
0 
Entry Imidazoline (R=) Micbael-acceptor 
1 Me Compound 221 
2 Me Allyl acrylate 
3 Me but-3-enyl acrylate 
4 Bn Compound 221 
5 Bn but-3-enyl acrylate 
Table 5.2: Summary of experiment using conjugate-addition 
proton-transfer route 
Unforlwlately, all of the experiments failed to produce cycloadducts 225 and 226. 
Once again, the IH and IlC NMR spectra were very complex, and consequently, their 
interpretation did not permit the identification of any products. 
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5.10 Conclusions 
In this chapter we have attempted intramolecular 1,3-DCA of imidazolinium ylides 
wi th dipolarophiles lacking electron-withdrawing groups to enhance the reaction. 
Imidazolinium ylide generation is based on methodology developed in chapter 3 and 
4 and by early workers. Unfortunately no reactions afforded the desired 
cycloadducts. The results in this part of the study indicate that the presence of an 
electron-withdrawing group on the dipolarophile is required for this kind of 
cycloaddition to take place. 
Finally, a range of tethers to achieve different ring sizes on the pyrroloimidazole 
cycloadducts have been synthesized, creating versatil e tools for future intramolecular 
1,3-DCA reactions. 
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CHAPTER 6: EXPERIMENTAL PROCEDURES 
6.1 General Experimental Procedures 
6.1.1 Purification of Reagents, Compounds and Solvents 
Commercially available reagents were used as supplied, without further purification, 
unless otherwise stated. Air and moisture sensitive compounds were stored in the 
frid ge or freezer as required or in a dess icator over se lf-ind icating silica pellets. Light 
sensitive compounds were stored in the cupboard or freezer with the container 
wrapped in tin foil to allow complete absence of light. 
Purification by flash chromatography was carried out using silica gel 60 Fluka and 
hand be llows to apply pressure to the column. Analytical thin layer chromatography 
was carried out using aluminium backed plates coated with silica ge l 60 Fluka. Plates 
were visuali zed under UV light at 254 run or developed by staining wi th aqueous 
potassium permanganate solution followed by heating, by exposure to an ethanolic 
solution of phosphomolybdic acid, acidified with 5% of concentrated sulphuric acid, 
followed by heating, or by contact of the plate with silica powder and iodine pellets. 
Purification by disti llation was afforded using high vacuum distillation kit and pump. 
Light petroleum refers to the fraction of petro leum ether that boils between 40°C and 
60°C and was di stilled from anhydrous CaCh before use. Dichloromethane and ethyl 
acetate were distilled from anhydrous phosphorous pentoxide and CaCh 
respecti vely. Tetrahydrofuran was freshly di stilled from sodium metal splinters and 
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benzophenone before use. Methanol was freshly distilled from iodine pearl s and 
manganese filings before use. Triethylamine was stored over sodium hydroxide 
pellets. 
601.2 Handling of air and moisture sensitive products and reactions 
Glassware used in highly air and moisture sensitive reactions was dri ed overnight in 
an oven at 200°C or fl amed with a heat gun. It was allowed to cool down to room 
temperature in a dessicator over self-indicating silica pellets. All air sensitive 
reagents and reactions were handled under slight static positive pressure of nitrogen. 
Other reagents and solvents were introduced using syringe or cannula techn ique, 
through a septum cap. 
601.3 Melting Point (mopo) 
Melting points were measured in degrees Celsius (0C) on a Electrothermal-IA 9 100 
apparatus and are uncorrected. 
601.4 Infrared and Mass Spectra (fR, MS) 
Fourier Transform infra red absorption spectra were recorded on a FT-IR 
Spectrometer Perkin Elmer Paragon 200 1 in the range 600 to 4000 cm-I. Liquid 
samples were run as a thin film or diluted in dichloromethane over potass ium 
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bromide discs. Solid samples were run in solution in dichloromethane or nujol mull 
over potass ium bromide discs . 
High and low·resolution mass spectra were recorded on a l eol (lMX)SX 102 
instrwnent using electron impact (El) or fast·atom bombardment (FA B) ioni zation 
techniques or at EPSRC Nationa l Mass Spectrometry Service Center (Swansea). 
6.1.5 Nuclear Magnetic Resonance (NMR) 
Proton nuclear magnetic resonance spectra e H NMR) were recorded using Bruker 
AC·250, Bruker DPXAOO and Bruker instruments operating at 250 and 400 MHz 
respective ly. The experiments were conducted in deuterated so lvents using 
tetramethylsil ane (TMS) as the internal standard reference. Chemical shifts are 
reported in parts per million (ppm) and coupling constant values in Hertz (Hz). The 
fo llowing symbols have been used in the description of NMR spectra : J = coupling 
constant, multiplicities were described as broad signals (br), singlets (s), doublets (d), 
triplets (t), quartets (g), doublet of doublets (dd), doublet of triplets (dt) and 
multiplets (m) . 
Carbon· J 3 nuclear magnetic resonance spectra (I3C NMR) were recorded on a 
Bruker DPXAOO instrument operating at J 00.62 MHz. I3 C NMR spectra were 
recorded in the same deuterated so lvent as used for the lH NMR spectrum, unless 
otherwise stated. Tetramethylsi lane was used as the internal standard . DEPT, COSY 
and NOE analyses were recorded on the same instruments as the I3C NMR spectrum . 
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6.1.6 X-Ray Crystallography 
Data sets were co llected at 150(2) K on a Bruker SMART 1000 CCD diffractometer 
or at ISO K on the SRS at the CLRC laboratory, Daresbury. Details of the data 
collections and structure are given in Table 1 for each compound, in the appendix , 
section x. The structures were solved by direct methods and refined by full-matrix 
least-squares on F2 using SHELXTL (Sheldrick G. M., SHELXTL version 6. 12, 
Bruker AXS, Madison, Wisconsin, USA, 200 1). All non-hydrogen atoms were 
refined wi th anisotopic atomic di splacement parameters and the hydrogen atoms 
bonded to a carbon were inserted at calculated positions using a riding model. 
Hydrogen atoms bonded to nitrogen were located from difference maps and their 
coordinates refined; they were assigned a common, fixed displacement parameter. 
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6.2 Experimcntal for Chapter 3: Ncw method for imidazolinium ylide 
gcncration and subscqucnt intcrmolccular 1,3-DCA. 
6.2.1 Synthesis of N-bcnzyl-l,2-diaminoethane 
78 
Benzyl chloride (22.89 g, 179 mmol) was added dropwise to cooled (0-5°C) and 
stirred 1,2-diaminoethane (53 .94 g, 897 mmol). The resulting mixture was heated at 
reflux for 8 h. After being allowed to cool to room temperature, the solution was then 
extracted with diethyl ether (2 x 10 ml). The combined organic phase was dried over 
MgS04 and evaporated under reduced pressure. The residue was fractionally distilled 
under vacuum to afford the title compound as a colourless oil (19.52 g, 13 mmol, 
72%). 
b.p. 85-87°C at 0.12 mmHg (lit b.p. 64 73-78°C at 0.1 mmHg). V max (KBr/ cm") 3287, 
2929, 1584 and 738 . OH (400 MHz, CDCh) 1.27 (brs, 3H, NH2 and NH), 2.60-2.65 
7.20-7.35 (m, 5H, Ar-H). oc (100 MHz, CDCh) 42.1 (CH2Ph), 52.4 (NHCH2CH2N), 
54.2 (NHCH2CH2N), 127.2, 128.4, 128.47, 128.53, 128 .7 (5 x Ar-CJ-J), 141.0 (Ar-C). 
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6.2.2 Synthesis of N-benzyl-4,S-dihydroimidazole 
Bn 
/ 
N C> N 
63 
Experimelltal 
N-Benzyl-I ,2-diaminoethane (13 .91 g, 93 mmol), triethyl orthoformate (54.98 g, 370 
mmol) and p-to luenesulfonic acid (0.20 g, I mmol) were heated together under 
reflux for 48 h. After cooling the mixture to room temperature, aqueous sodium 
hydroxide (5% w/v; 50 ml) was added and the mixture was extracted with 
chloroform (2 x 100 ml). The combined organic phase was dried over MgS04 and 
evaporated under reduced pressure. The residue was fractionally distilled under 
vacuum to afford the title compound as colourless crystals (9.25 g, 57 mmol , 62%). 
b.p. 125- 130oC at 2 mmHg (lit. b.pM 120°C at 0.1 mmHg). m.p. 40-42°C (li t. m.pM 
46°C). Vmax (KBr/ cm'l) 2869, 1593, 1504,1385, 1306, 1202 and 749. IiH (250 MHz, 
CDCI3) 3.09 (t, 2H, J=IO Hz, NCH2CH2N), 3.80 (t, 2H, J=IO Hz, NCH2CJ-hN), 4.25 
(s, 2H, CH2Ph), 6.93 (s, IH, N=CHN), 7.23-7.34 (m, 5H, Ar-H).lic (100 MHz, 
CDCI3) 48.1 (CI-hPh), 51.7 (NCH2CH2N), 54.7 (NCH2CH2N), 127.7, 127.8, 128.7 (5 
x ArCH), 136.8 (ArC), 157.S (N=CHN). 
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6.2.3 Synthesis of N-methyl-4,S-dihydroimidazole 
Me 
I 
N C> N 
80 
Experimelltal 
A solution of N-methyl-I ,2-diaminoethane (5 g, 53 mmol) in anhydrous 
tetrahydrofuran (10 ml) was added dropwise into a solution ofDMF-dimethyl acetal 
(6.33 g, 53 mmol) in anhydrous tetrahydrofuran (20 ml) over a period of 30 min. 
After the addition was complete the reaction mixture was heated at reflux under 
nitrogen for 10 h. The solvent was then removed under vacuum and the crude 
product was purified by frac tional disti llation under vacuum to give the title 
compound as a colourless oil (4.52 g, 53 mmol, 98%). 
b.p. 57-59°C at 60 mbar (lit b.p.Z09 39-41 °C at 6 mmHg). V max (KBrl cm- I) 3389, 
2938, 1658, 1534, 1448, 1395, 1324, 1253, 1093 and 647. OH (400 MHz, CDC1)) 
2.83 (s, 3H, CH)), 3.16 (t, 2H, j =10 Hz, NCHzCHzN), 3.81 (t, 2H, )=10 Hz, 
NCHzCHzN), 6.70 (brs, IH, N=CHN).oc (100 MHz, CDCh) 34.2 (CH)), 50.9 
(NHCHzCHzN), 55.4 (NHCHzCHzN), 158.5 (N=CHN). 
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6.2.4 Synthesis of N-phenyl-4,5-dihydroimidazole 
Ph 
I 
N Cl 
N 
82 
Experimelllal 
A solution of N-phenyl-I ,2-diaminoethane (5 .73 g, 42 mmol) in anhydrous 
tetrahydrofuran (10 ml) was added dropwise into a solution of DMF-dimethyl acetal 
(5.02 g, 42 mmol) in anhydrous te trahydrofuran ( 10 ml) over a period of 30 min 
using a syringe pump. After the addi tion was complete the reaction mixture was 
heated at reflux under nitrogen fo r 8 h. The solvent was then removed under vacuum 
and the crude product was purified by fractional di still ation under vacuum to give the 
title compound as light-yellow crystals (5.33 g, 37 mmol, 87%). 
b.p. 120-125°C at 60 mbar (lit. b.p.ZID 94-95°C at 0.2 mmHg). m.p. 47-54°C (lit. 
m.p21D 45°C). Vmax (KBrl cm·l) 2870, 1584, 1504, 1385, 1306, 1202 and 750. OH (400 
MHz, CDCh) 3.70 (t, 2H, J=8 Hz, NCHzCHzN), 4.03 (t, 2H, J=8 Hz, NCHzCHzN), 
6.64-7.33 (m, 5H, CHAr), 7.60 (brs, IH, N=CHN).oc ( l OO MHz, CDCI)) 46.1 
(NHCHzCHzN), 54.6 (NHCI-bCH2N), 114.1, 12 1.4, 129.6 (CHA r), 140.2 (CAr), 
150.0 (N=CHN). 
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6.2.5 Synthesis of (R)-N-bcnzyloxycarbonylphcnylglicine 
Z::::benzyloxycarbonyl 
85 
Benzyl chloroformate (17.95 g, 100 mmol) and aqueous sodium hydroxide (lM, 100 
ml) were simultaneously added dropwise over I h to a stirred cooled so lution of (R)-
(-)-phenylglycine (15.17 g, lOO mmol) in aqueous sodium hydroxide ( IM, lOO ml) . 
The resulting mixture was stirred at oOe fo r 30 min and then at room temperature for 
a further 2 h. The solution was washed w ith ether (2 x 50 ml), cooled to ooe and 
acidified to pH I with hydrochloric acid (5M, 20 ml). The resulting solid was 
collected by filtration, washed with water and dried in vacuum over phosphorus 
pentoxide, to yield the title compound as a white solid (23.65 g, 82 mmol, 82%). 
m.p. 128- 130oe (lit m.p211 136-1 38°C). OH (250 MHz, CDCh, both rotamers present) 
4.99, 5.00 (2 x s, 4H, PhCH2), 5.26, 5.95 (2 x d, 2H, J=7 Hz, NHCH(ph)CO), 5.80, 
6.97 (2 x d, J=7.2 Hz, 21-1 , NH), 7.27 (m, 201-1 , ArJ-!), 7.99, 8.00 (2 x s, 21-1, C020H). 
181 
Chapler 3 Rtperimelltal 
6.2.6 Synthesis of (S)-N-benzyloxycarbonylphcnylglicinc 
l =benzyloxycarbonyl 
86 
Benzyl chloroformate (12.27 g, 70 mmol) and aqueous sodium hydroxide ( IM, 100 
ml) were simultaneously added dropwise over I h, to a stirred and cooled solution of 
(S)-(-)-phenylglycine (10.87 g, 70 mmol) in aqueous sodium hydroxide (lM, l OO 
ml). The resulting mixture was stirred at OoC for 30 min and then at room 
temperature for a further 2 h. The solution was washed with ether (2 x 50 ml), cooled 
to O°C and acidified to pH I with hydrochloric acid (5M, 20 ml). The solid was 
collected by filtrati on, washed with water and dried in vacuum over phosphorus 
pentoxide, to yield the title compound as a white solid (2 1.1 g, 70 mmol, 98%). 
m.p. 134-135°C (lit m.p.m 137- 138°C}. V max (KEr/ cm' l) 3032, 2359, 172 1, 1497, 
1455, 1412, 1346, 1214, 1051 and 696. OH (250 MHz, CDCIl , both rotamers present) 
4.99, 5. 10 (2 x s, 4H, PhCH2), 5.40, 5.26 (2 x d, 2H, ) =7.2 Hz and 6.3 Hz, 
NHCH(Ph)CO), 5.78, 6.92 (2 x d, 2H, ) =7.1 Hz, NH), 7.33 (m, 20H, ArH), 8.12, 
8. 14 (2 x s, 2H, C020H). 
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6.2.7 Synthesis of (R)-2-(bcnzyloxycarbonylamino)-2-phcnyl-N-
benzylacctamidc 
87 
N-Methylmorpholine (8.33 g, 82 mmol) in DCM (30 ml) was added dropwise with 
stirring to (R)-N-benzyloxycarbonylphenylglycine (23.64 g, 82 mmol) in DCM (600 
ml) at O°C, under nitrogen. A solution of ethyl chloroformate (8.93 g, 82 mmol) in 
DCM (30 ml) was then added to the resulting mixture followed by the addi tion of 
benzylamine (8.82 g, 82 mmol) in DCM (40 ml). The resulting solution was then 
stirred at O°C for 2 h and then at room temperature for a further 16 h. After this time 
the reaction mixture was washed successively with water (100 ml), aqueous NaHCO) 
(8% w/v, l OO ml), water (lOO ml), hydrochloric acid (2M, 100 ml) and saturated 
brine (100 ml) . The combined organic extracts were dried over MgS04 and the 
solvent was evaporated under reduced pressure. The residue was recrystalli zed from 
DCM: hexane to yield the title compound as a white solid (8 .05 g, 22 11111101, 42%). 
m.p. 189-192°C (lit m.p2ll 196-197°C). OH (250 MHz, CDCh) 4.43 (m, 2H, 
PhCffzNH), 5.05 (dd, 2H, J=12.3 Hz, J=18.7 Hz, PhCH20), 5.23 (d, I H, J=6 Hz, 
PhCH(NH)CO), 6.0 I (br s, I H, NH), 6. 18 (br s, I H, NH), 7.35 (m, ISH, ArH). 
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6.2.8 Synthesis of (S)-2-(benzyloxycarbonylamino)-2-pbenyl-N-
benzylacetamide 
88 
N-Methylmorpholine (5.08 g, 50 mmol) in DCM (17 ml) was added dropwise with 
stirring to a solution of (S)-N-benzyloxycarbonylphenylglycine (16.20 g, 50 mmol) 
in DCM (357 ml) at O°C, under nitrogen. A solution of ethyl chloroformate (5.43 g, 
50 mmol) in DCM (20 ml) was then added to the resulting mixnlre followed by the 
add ition of benzylam ine (5.33 g, 50 mmol) in DCM (20 ml). The solution was stirred 
at O°C for 2 h and then at room temperature for a further 16 h. The reaction mixture 
was then washed success ively with water (50 ml), aqueous NaHC03 (8% w/v, 50 
ml), water (50 ml), hydroch loric acid (2M, 50 ml) and saturated brine (50 ml). The 
combined organic extracts were dried over MgS04 and the solvent evaporated under 
reduced pressure. The residue was recrystallized from DCM: hexane to yield the title 
compound as a colourless so lid (17.1 g, 46 mmol , 92%). 
m.p. 190-192°C (lit m.p.2ll 196-197°C). OH (250 MHz, CDCh) 4.43 (m, 2H, 
PhCH2NH), 5.05 (m, 2H, PhCH20), 5.21 (d, I H, J=6 Hz, PhCH(NH)CO), 5.89 (br s, 
I H, NH), 6.20 (br s, I H, NH), 7.34 (m, ISH, ArH). 
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6.2.9 Synthesis of (R)-2-amino-2-phenyl-N-benzylacctamide 
89 
A suspensIon of (R)-2-(benzyloxycarbonylamino)-2-phenyl-N-benzylacetamide 
(8.05 g, 21 mmol) and 10% palladium-charcoal catalyst (0.3 g) in methanol (300 ml) 
was stirred under a hydrogen atmosphere at room temperature for 20 h. After thi s 
time only the catalyst remained undissolved. The mixture was filtered through a pad 
of Kieselguhr (ce lite) and the filtrate was evaporated under reduce pressure to yield 
the titl e compound as a pale yellow so lid (7.6 g, 3 1.6 mmol, 95%). 
[a]D20=-63. 15 (c=O.OOI in CHCll). m.p. 78-80°C (lit m.p.211 76-77°C). 01'1 (250 MHz, 
CDCll) 1.80 (br s, 2H, NH2), 4.4 1 (d, 2H, J=6 Hz, PhCH2N1-1) , 4.52 (s, IH, 
PhCH(N1-I2)CO), 7.34 (m, 10H, Arf/), 7.50 (br s, IH, C=ONJ-/). 
6.2.10 Synthesis of (S)-2-amino-2-phenyl-N-benzylacetamide 
H 
oXN'-..,./ Ph 
Ph NH2 
90 
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A suspensIon of (S)-2-(benzyloxycarbonylamino)-2-phenyl-N-benzylacetamide 
(17. 1 g, 45 mmol) and 10% palladiwn-charcoal catalyst (0 .5 g) in methanol (800 ml) 
was stirred under a hydrogen atmosphere at room temperature for 20 h. After thi s 
time only the catalyst remained und isso lved. The mixture was filtered through a pad 
of Kieselguhr (celi te) and the filtrate was evaporated under reduce pressure to yield 
the title compound as a pale yellow solid ( 16.15 g, 67.30 mmol, 95%). 
[ulD20=+60.95 (c=O.OI in CHCI). m.p. 79-81 °C (lit m.p.2Il 76-77°C). 8~1 (250 MHz, 
CDCI) 1.83 (brs, 2H, NH2), 4.44 (d, 2H, J=6 Hz, PhCH2NH), 4.58 (s, IH, 
PhCH(NH2)CO), 7.37 (m, I OH, ArH), 7.49 (hr s, I H, C=ONH). 
6.2.11 Attempted synthcsis of (R) and (S)-1-phcnyl-2-bcnzylaminocthylaminc 
91 and 92 respectively. 
91 92 
Borane-tetrahydrofuran complex ( IM in THF, 400 ml, 400 mmol) was added 
dropwise to a stirred solution of both (R) and (S)-2-amino-2-phenyl-N-
benzylacetamide (7.6 g, 31.6 mmol) and (16. 15 g, 67.30 mmol) respectively in dry 
tetrahydrofuran (400 ml) at room temperature under nitrogen. The resulting mixture 
was heated at reflux for 19 h. After cooling to room temperature, hydrochloric acid 
(2M, 200 ml) was added dropwise and stirring was continued for 3 h. The organic 
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so lvent was evaporated under reduced pressure and the suspension was filtered. The 
filtrate was cooled to O°C and basified to pH 12 by the portionwise addition of solid 
sodium hydroxide and the resulting mixture was then extracted with ethyl acetate (2 
x 200 ml). The organic phase was dried with MgS04, evaporated under reduced 
pressure and purification attempted by vacuum di stillation but the desired products 
91 and 92 were not iso lated and the starting material was recovered. 
6.2.12 Synthesis of (R)-2-amino-2-phenyl-N-methylacetamide 
94 
Thionyl chloride (5. 19 g, 44 mmol) was added dropwise to a cooled (_78°C) so lution 
of R-(-)-phenylglycine (3.3 g, 22 mmol) in dry methanol (20 ml). The solution was 
left to stand at room temperature for 2 h while stirring. The solvent was then 
evaporated under vacuum. Excess of a 33 % ethanolic solution of methylamine (9.5 
ml, 170 mmol) was then added. The reaction mixture was stirred for 24 h at room 
temperature after which time the excess of methylamine was removed under vacuum 
by co-evaporation with ether (5 ml). The solution was then extracted with saturated 
aqueous sodium bicarbonate (2 x 10 ml). The organic phase was dried over 
magnesi um sul phate, filtered and evaporated under vacuum to yield the titl e 
compound as a yellow oil (1.72 g, II mmol, 50%). 
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[a]o20=-57.14 (c=0.037 in CHCI)). mlz (El) calcd. for C9H'2N20 (M+Ht 165.1022; 
Found: 165. 1022. Vmax (KBr/ cm") 3297, 3061, 2939, 1653, 1599, 1539, 1494, 1452, 
1411 , 11 57 and 699. OH (400 MHz, CDCI}) 1.85 (brs, 3H, NH2NH), 2.71 (d,3H, 
J=4 .8 Hz, CH)), 4.42 (brs, IH, CH), 7.31 (m, 5H, AI-H). Oe (lOO MHz, CDCI)) 34.5 
(CH)N), 60.0 (CHNH2), 126.5, 127.2, 128.4 (3 x Ar-CH), 144.7 (Ar-C), 173.5 
(C=O) . 
6.2,13 Synthesis of (S)-2-amino-2-phenyl-N-methylacetamide 
95 
Thionyl chloride (3.86 ml, 52 m01ol) was added dropwise to a cooled (-78°C) 
solution ofS-(+)-phenylglic ine (4 g, 26 mmol) in dry methanol (40 mt). The solution 
was left to stand at room temperature for 2 h while stirring. The solvent was then 
evaporated under vacuum. Excess of a 33% ethanolic solution of methylamine (10 
ml , 146 mmol) was added and the reaction mixture was stirred for 24 h at room 
temperature. The excess methylamine was then removed under vacuum by co-
evaporation with ether (5 ml) . The solution was then extracted w ith saturated 
aqueous sodium bicarbonate and the organic extract was dried over MgS04, filtered 
and evaporated under vacuum to yield the title compound as a yellow oi l (8.10 g, 48 
010101,50%). 
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Found: 165. 1021. Vmax (KEr/ cm· l) 3284, 3062, 2938, 1653 , 1599, 1533 , 1494, 1452, 
1410, 12 13, 11 56, 698 . <>H (400 MHz, COCIl) 1.85 (brs, 3H, NH2NH), 2.7 1 (d, 3H, 
J=5 Hz, CHl), 4.42 (brs, I H, CH) , 7.3 1 (m, 5H, Ar-H). <>c (100 MHz, COCIl) 34.5 
(CHlN), 60.0 (CHNH2), 126.5, 127.2, 128.4 (3 x Ar-CH), 144.7 (Ar-C), 173.5 
(C=O). 
6.2.14 Synthcsis of {R)-I-phcnyl-2-mcthy1a minocthyla minc 
96 
Lithium aluminium hydride ( 1.52 g, 38 mmol) was added portionwise over 10 min to 
a cooled (-78°C) solution of (R)-2-amino-2-phenyl-N-methylacetamide (1 .72 g, I I 
mmol) in dry tetrahydrofuran ( I 0 ml) under nitrogen. The reaction mixture was 
stirred under refl ux for 24 h. Afte r tlus time the suspension was cooled to O°C 
followed by the addition of water (2 ml), 15% aqueous sodium hydrox ide (2 ml) and 
water (4 ml). The suspension was filtered, dried over MgS04 and evaporated under 
vacuum . The crude yellow oil was purified by column chromatography 
(dichloromethane:methanol, 5:1) to yield the title compound as a yellow oil ( 1.43 g, 
10 mmol, 97%). 
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[a]D2o=-72.1 8 (c=0.045 in CHCI)). Vmax (KBrl cm· l) 3297, 3061, 2939, 1539, 1494, 
1490,1452, 1411,1157,960,917, 734, 699. OH (400 MHz, CDCI3) 1.25 (brs, 3H, 
NH2NH), 2.43 (s, 3H, NCH)), 2.72-2.83 (m, 2H, CH2), 4.05 (dd, I H, J=5.5 Hz, J=7.7 
Hz, CH), 7.31 (m, 5H, Ar-H). oe Cl 00 MHz, CDCI)) 34.5 (CH)N), 55.4 (CH2NCH)), 
60.0 (CHNI-h), 126.5, 127.2, 128.4 (3 x Ar-CH), 144.7 (Ar-C). 
6.2.15 Synthesis of (S)-1-phenyl-2-methylaminoethylamine 
Lithium aluminium hydride ( 1.92 g, 48 mmol) was portionwise added over 10 min to 
a cooled (_78°C) solution of (S)-2-amino-2-phenyl-N-methylacetamide (2. 16 g, 13.17 
mmol) in dry tetrahydrofuran (40 ml) under nitrogen. The reaction mixture was 
stirred under reflux for 24 h. The suspension was then cooled to O°C followed by the 
addition of water (2 ml), 15% aqueous sodium hydroxide (2 ml) and water (4 ml). 
The suspens ion was filtered , dried over MgS04 and evaporated under vacuum. The 
crude yellow oi l was purified by column chromatography 
(dichloromethane :methanol , 5: I) to yield the title compound as a yellow oi l (1.9 g, 
13 mmol , 99%). 
[a]D20=+69.87 (c=0.042 in CHCh). Vmax (KBrl cm· l ) 3304, 3058, 2926, 1661 , 1492, 
1451 , 1411 , 756, 699. Oil (400 MHz, CDCI)) 1.60 (brs, 3H, NfhNH), 2.43 (s, 3H, 
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CHl ), 2.72-2.83 (m, 2H, Cl-h), 4.05 (dd, IH, J = 5.4, J =7.5, CH), 7.31 (m, 5H, Ar-
127.2, 128.4 (3 x Ar-CH), 144.7 (Ar-C). 
6.2.16 Synthesis of (R)-1-methyl-4-phenyl-4,S-dihydroimidazole 
Me 
I 
N 
,.C> 
Ph'" N 
98 
A solution of (R)-I-phenyl-2-methylaminoethylamine (3.2 g, 2 1 mmol) in 
tetrahydrofuran (50 ml) was added dropwise using a syringe pump to a 
tetrahydrofuran solution of N,N-d imethylformamide dimethyl acetal (2.85 ml , 21 
mmol) over 30 min. The reaction mixture was then heated at reflux in a nitrogen 
atmosphere for 8 h. The solvent was then evaporated under vacuum and the brown-
yellow crude product purified by Kugelrohr distillation to afford the title compound 
as a colourless oi l (1.6 g, 10 mmol , 45%). 
[alD20=+32. 19 (c=0.066 in CH Ch). b.p. 125-130°C (0 .1 mbar). mlz (El) calcd. for 
C lOHI2N2 (M') 160.0995; Found: 160.0992. Vrnax (KBrl cm-I) 2922, 1600, 1491, 
1217, 1064 and 701. liH (400 MHz, CDCIl) 2.85 (s, 3H, CHl ), 3.02 (dd, !H, J=IO.4 
Hz,J=5.7 Hz, CHH), 3.65 (dd, !H,J= IO.4 Hz, J=5.7 Hz, CHH), 5. 14 (t, !H, J = IO.4 
Hz, CHPh), 6.92 (s, !H, NCH=N), 7.30 (m, 5H, Ar-H). lie (100 MHz, CDCll) 33 .2 
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(CHJN), 57.4 (NCH2CHPh), 69.3 (CHPh), 125.6, 126.0, 126.4, 127 .4, 127.7 (5 X Ar-
CH), 142.8 (Ar-C), 157.1 (NCH=N). 
6.2.17 Synthesis of (S)-I-methyl-4-phenyl-4,S-dihydroimidazolc 
Me 
t 
Ph):) 
99 
A solution of (S)-I-phenyl-2-methylaminoethylamine ( 1.94 g, 13 mmol) in 
tetrahydrofuran (25 ml) was added dropwise using a syringe pwnp to a 
tetrahydrofuran solution of N,N-dimethylfo rmamide dimethyl acetal ( 1.73 rnl, 
mmol) over30 min. The reaction mixture was then heated under reflux under 
nitrogen for 8 h after which time the solvent was evaporated under vacuum and the 
brown-yellow res idue purified by Kugelrohr distillation to afford the title compound 
as a colourless oil (1.25 g, 8 mmol , 65%) 
[u]020=+40.19 (c=0.071 in CHCIJ. b.p. 123- 126°C (0.1 mbar). mlz (El) calcd. for 
CIOH I2N2 (M) 160.0995; Found: 160.0993. VOla. (KBrt cm'l) 2924, 1662, 1493, 
1449, 1394, 1071 , 702.lhl (400 MHz, CDCIJ) 2.79 (s, 3H, CHJ), 2.95 (dd, IH, J=9.8 
Hz, J=5.3Hz, CHH), 3.58 (dd, I H, J=9.8 Hz, J=5.3Hz, CHH), 5.08 (t, 1 H, J=9.8 Hz, 
CH), 6.87 (s , I H, NCH=N), 7.25 (m, 5H, Ar-H). Cc (100 MHz, CDCI3) 33.3 
(CHJN), 57.6 (NCH2CHPh), 69.3 (CHPh), 125.4, 125.5, 126.0, 127.4, 127.6 (5 x Ar-
CH), 142.8 (Ar-C), 157.4 (NCH=N). 
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6.2.18 Synthesis of (±) 1-bcnzyl-S,6, 7 -tris( ethoxycarbonyl)-S-
cthoxycarbonylmcthylhcxabydro-IH-pyrrolo[ 1 ,2-a 1 imidazole 
Bn 
I 
eN "H N>s·""C02Et 
~C02Et 
Et02C / 
Et0 2C 
1018 
Bn 
I 
e:~",,'C02E t 
~C02Et 
Et02C i 
Et02C 
101A 
Diethyl fumarate (10.76 g, 62.5 mmol) was added to a stirred solution of I-benzyl-
4,5-dihydro imidazole (4 g, 25 mmol) in dry DCM (25 ml) under a nitrogen 
atmosphere. The mixture was heated at reflux for 48 h, diluted with some DCM and 
concentrated under reduced pressure. The crude oil was purified by column 
chromatography (light petroleum b.p. 40-60°C:ethyl acetate 8:2 in the presence of 
triethylamine (2 %» to afford a li ght yellow oil (8 g, 15 mmol, 63 %) as a 1:2 
mixture of diastereoisomers 10lA and 101B, which were separated by repeating the 
column chromatography (light petroleum b.p. 40-60°C:ethyl acetate 9: I in the 
presence of triethylamine (2 %» to afford: 
101B (5.3 g, 42 % ): light-yellow oil. mlz (El) calcd. for C26Hl60 gN2 (Ml504.2472; 
Found: 504.2464. Vmax (KBr/cm·l) 2979, 2807, 1734, 1453, 1388, 1368, 1339, 1252, 
1206, 1094, 1030 and 701. OH (400 MHz, CDCIl) 1.23-1.30 (m, 12H, 4 x CfhCH20 ), 
2.24-2.30 (m, I H, NCH2CHHN), 3.00 (d, I H, J=14.8 Hz, CH2C02Et), 2.93-3.06 (m, 
3H, NCH2CHHN, NCH2CH2N) , 3.10 (d, IH, J=15.6 Hz, PhCH2N), 3. 15 (d, IH, 
J=14. 8 Hz, CH2C02Et) , 3.68 (dd, Il-I, J=10.9 Hz, J= 5 Hz, C-7H), 3.85 (d, IH, J=5 
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Hz, C-6I-f) , 4.07-4.25 (m, 8H, 4 x OCH2CH) , 4.1 5 (d, IH, J=15.6 Hz, PhCH2N), 
4.51 (d, IH, J= 10.9 Hz, C-7a H) , 7.22-7.34 (m, 5H, Ar-H). oe (100 MHz, CDCI) 
14.0, 14.2, 14.3, 14.3 (4 x CH)CHzO), 40.1 (CH2C02CH2CH) , 45.0 (NCH2CH2N), 
50.5 (C-7), 53 .5 (NCH2CH2N), 54.1 (C-7a), 56.3 (PhCH2), 60.4, 60.9, 61.1 , 61.3 
(CH)CH2C02), 70.8 (C-S), 87.3 (C-6), 126.9, 128.2, 128.2, 128 .3, 128.6 (5 x Ar-
CH), 138 .9 (Ar-C), 170.5, 170.6, 170.9, 172.6 (4 x C=O). 
IOIA (2.6 g, 21 %): colourless oil. mlz (El) calcd. for C26H)60sN2 (M-Ht 503.2394; 
Found: 503 .2383 . VOlax (KBrl cm· l ) 2979, 2807, 1734, 1453, 1388, 1368, 1339, 1252, 
1206, 1094, 1030 and 70 I. OH (400 MHz, CDCI) 1.28- 1.33 (m, 12H, 4 x CH)CH20), 
2.48-2.54 (m, IH, NCH2CI-lHN), 2.82 (d, IH, J= 16. 1 Hz, CH2C02Et) , 2.93-3.03 (m, 
3H, NCH2CHHN, NCf{zCH2N), 2.95 (d, IH, J=4.1 Hz, C-6I-f) , 3.47 (d, II-I, J = I6. 1 
Hz, PhCH2N), 3.63 (d, I H, J =16.1 Hz, CH2C02Et) , 3.58 (dd, JH, J= IO.9 Hz and 4.1 
Hz, C-7H), 4.07-4.25 (m, 8H, 4 x OCf{zCH), 4.23 (d, IH, J= 16.1 Hz, PhCH2N) , 
4.89 (d, I H, J=7.2 Hz, C-7aH), 7.22-7.34 (m, 5H, Ar-H). oe (100 MHz, CDCI) 14.0, 
14.2, 14.3, 14.3 (4 x CH)CH20), 38.4 (CH2C02CI-l2CH) , 47.9 (NCH2CH2N), 51.0 
(C-7a), 51.9 (C-7), 52.0 (NCH2CH2N), 59.4 (PhCH2), 60.4, 60.9, 61.1 , 61.3 
(CH)CH2C02), 7 I.7 (C-S), 84.3 (C-6), 126.9, 128.2, 128.2, 128.3, 128.6 (5 x Ar-
CH), 138.9 (Ar-C), 170.5, 170.6, 170.9, 172.6 (4 x C=O). 
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6.2.19 Synthesis of (±) I-benzyl-S,6, 7-tris( methoxycarbonyl)-S-
methoxycarbonylmethyl-hexahydro-1H-pyrrolo[I,2a[imidazole 
C02Me Me02C ~ C02Me 
/ 
1028 Me02C 102A 
Dimethyl fumarate (8 .02 g, 56.1 mmol) was added to a stirred solution of I-benzyl-
4,5-dihydroimidazole (3 g, 18.7 mmol) in dry DCM (10 ml) under a nitrogen 
atmosphere. The mixture was heated at reflux for 48 h, diluted with some DCM and 
concentrated under reduced pressure. The crude oi l was purified by column 
chromatography (l ight petroleum b.p. 40-60 °C:ethyl acetate 8:2 in the presence of 
triethylamine (2 %» to afford a colourless oil (4.6 g, 10 mmol, 55 %) as a 1:2 
mixture of diastereoisomer 102A and 1028, which were separated by repeating the 
column chromatography (light petroleum b.p:40-60°C:ethy l acetate 9: I) in the 
presence of triethylamine (2 %) to afford: 
1028 (3.1 g, 37%): colourless oil. mlz (El) calcd. for CnH2sN20S (M+Hf 449.1922; 
Found: 449.1924. Vmax (KBrl cm· l ) 295 1, 28 11 , 1736, 1494,1436, 1352, 1257, 12 13, 
11 70, 1095, 10 18,746, 702. OH (400 MHz, CDCI) 2.25-2.29 (m, IH, NCH2CHJ-IN), 
2.95-3.02 (m, 2H, NCH2CHHN), 3.04 (d, IH, j =14.7 Hz, CHHC02CH), 3.1 0-3.15 
(m, IH , NCH2CHHN), 3.13 (d, 11-1 , j =14.7 Hz, CHHC02CH), 3. 14 (d, IH, j =13 
Hz, PhCHHN), 3.66 (dd, I H, J=10.8 Hz, j =4.7 Hz, C-7H), 3.67, 3.68, 3.7 1,3.73 (s, 
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12H, 4 X OCH3), 3.85 (d, IH, j=4 .7 Hz, C-6H), 4.12 (d, IH, j = 13 Hz, PhCHHN), 
4.44 (d, IH, j=10.8 Hz, C-7aH), 7.22-7.31 (m, 5H, Ar-H). Bc (100 MHz, CDCh) 
X OCH3), 52.2 (C-7), 53.5 (PhCH2), 56.2 (C-7a), 71. 1 (C-S), 86.9 (C-6), 126.9, 
128.2, 128.5 (5 X Ar-CH), 138.8 (Ar-C), 170.7, 170.9, 171.4, 172.8 (4 x C=O). 
102A: Not isolated. 
6.2.20 Attempted synthesis of maleic anhydride adducts 
130 
Maleic anhydride (0.33 g, 3.34 mmol) was added to a stirred solution of I-benzyl-
4,5-dihydroimidazole (0.21 g, 1.33 mmol) in dry DCM (10 ml) under a nitrogen 
atmosphere. The mixture was heated at reflux for 48 h, diluted with some DCM and 
concentrated under reduced pressure. The desired product 130 was not isolated and a 
complex mixture was obtained along with some unreacted l-benzyl-4,5-
dihydroimidazole. 
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6.2.21 Attempted synthesis of diethyl oxalacetate adducts 
131 
Diethyl oxalacetate sodium salt (0.66 g, 3.13 mmol) was added to a stirred solution 
of l-benzyl-4,5-dihydroimidazole (0.20 g, 1.25 mmol) in dry DCM (10 ml) under a 
nitrogen atmosphere. The mixture was heated at reflux fo r 48 h, diluted with DCM 
and concentrated under reduced pressure . The des ired product 131 was not iso lated 
and a complex mixture was obtained along with some unreacted l-benzyl-4,5-
dihydroimidazole. 
6.2.22 Attempted synthesis of dimenthyl fumarate adducts 
Bn 
/ 
eN " H •. >S.,\\C0 2MenthYI MenthYI02C~C02MenthYI 
/ 
MenthyI02C 
108 
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(-)-Dimenthyl fumarate (1.23 g, 3.13 mmol) was added to a stirred solution of 1-
benzyl-4,5-dihydroimidazole (0.20 g, 1.25 mmol) in dry DCM (10 ml) under a 
nitrogen atmosphere. The mixture was heated at reflux for 48 h, diluted with some 
DCM and concentrated under reduced pressure. The crude oi l was examined by 
column chromatography (light petroleum b.p. 40-60 °C:ethyl acetate 8:2 in the 
presence of triethylamine (2 %)). The desired product 108 was not isolated although 
IH NMR spectroscopy suggested some traces of the formation of the desired product 
108. 
6.2.23 Synthesis of (±) S,6,7-tris(ethoxycarbonyl)-S-ethoxycarbonylmetbyl-l-
mcthylhexahydro-1H-pyrrolo[ 1 ,2a I imidazole 
H 
C02Et 
109A 
Diethyl fumarate (1.03 g, 5.90 mmol) was added to a stirred solution of I-methyl-
4,5-dihydroimidazole (0.20 g, 2.30 mmol) in dry DCM (10 ml) under a mtrogen 
atmosphere. The mixture was heated at refl ux for 48 h, diluted with some DCM and 
concentrated under reduced pressure. The crude oi l was purified by column 
chromatography (light petroleum b.p. 40-60°C:ethyl acetate 8:2 in the presence of 
triethylamine (2 %)) to afford a light yellow oil (0 .85 g, 1.97 mmol , 86 %) as a 1:2 
mixture of diastereoisomers 109A and l09B that were not fu rther separated. 
198 
Chapler 3 Experimelltal 
mlz (El) calcd. for C2oH32N20 g (M+Ht 429.2231 ; Found: 429.2229. V max (KBrl cm-
I) 2980, 2794, 2358, 1736, 1732, 1369, 1254, 1181 ,1095, 1030,667. 
109B: OH (400 MHz, CDCI3) 1.22-1 .31 (m, 12H, 4 x OCH2CH3), 2.30 (s, 3H, NCH3), 
2.34-2.40 (m, I H, NCHHCH2N), 2.95 (d, I H, j =14.5 Hz, CHHC02CH2CH3), 2.92-
3.02 (m, 2H, NCH2CH2N), 3.15-3 .20 (m, I H, NCHHCH2N), 3.18 (d, IH, j =14.5 Hz, 
CHHC02CH2CH3), 3.53-3.60 (m, 2H, C-7H, C-GH), 4.06-4.24 (m, 8H, 4 x 
OCH2CH3), 4.48 (dt, IH, j=IO Hz, j=5 Hz, C-7aH). Oc (lOO M1-iz, CDCI3) 13.9, 
14.1, 14.2, 14.3 (4 x OCH2CH3), 38.7 (NCH3), 40.2 (CH2C02CH2CI-i) , 45.3 
(NCH2CH2N), 52.3 (C-G), 54.6 (C-7), 56.9 (NCH2CH2N), 60.3 , 60.9, 61.0, 61.2 (4 x 
OCH2CH3), 70.6 (C-S), 88.9 (C-7a), 169.8, 170.5, 171 .0, 172.5 (4 x C0 2CH2CH3). 
109A: OH (400 MHz, CDCI3) 1.22-1.31 (m, 12H, 4 x OCH2CH3), 2.41 (s, 3H, 
NCH3), 2.86 (d, I H, j =17 Hz, CHHC02CH2CH3), 2.93-2.96 (m, 2H, NCH2CH2N), 
2.97-3.02 (m, 2H, NCH2CH2N), 3.48 (d, IH, j=16 Hz, C-6H), 3.51 (dd, IH, j =16 
Hz, j=8 Hz, C-7H), 3.63 (d, I H, j =17 Hz, CHHC02CH2CH3), 4.06-4.24 (m, 8H, 4 x 
OCH2CH3), 4.57 (d , IH, j =8 Hz, C-7aH). Oc ( l OO MHz, CDCb) 13.9, 14.1 , 14.2, 
14.3 (4 x OCH2CH3), 38.4 (CH2C02CH2CH3), 4 1.8 (NCH3), 48 .0 (NCH2CH2N), 
50.8 (C-G), 51.5 (C-7) , 55 .0 (NCH2CH2N), 60.3, 60.9, 61.0, 6 1.2 (4 x OCH2CH3), 
71.6 (C-S), 85 .8 (C-7a), 169.8, 170.5, 171.0,172.5 (4 x C02CH2CH3). 
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6.2.24 Syntbesis of (±) 5,6,7-tris(metboxycarbonyl)-5-metboxycarbonyl-l-
mctby Ihexahydro-IH-pyrrolo [ I ,2a [imidazole 
H 
" CO, Me 
Me02C '/ 
/ 
MeO, C 
CO,Me 
MeO,C 110B 110A 
Dimethyl fumarate (0.87 g, 5.90 mmol) was added to a stirred solution of I-methyl-
4,5-dihydroimidazole (0.20 g, 2.30 mmol) in dry DCM (20 ml) under a nitrogen 
atmosphere. The mixture was heated at reflux for 48 h, diluted with some DCM and 
concentrated under reduced pressure. The crude oi l was purified by column 
chromatography (light petroleum b.p. 40-60oC:ethyl acetate 8:2 in the presence of 
triethylamine (2 %» to afford a light ye llow oil (0.43 g, 1.15 mmol , 51 %) as a 1:2 
mixture of diastereoisomers llOA and llOB that were not further separated. 
mlz (ET) calcd. for C16Hz4NzOs (M+Ht 373 .1 605; Found: 373 .1 603. V max (KEr/ cm' 
1)2953, 2797, 1738, 1732, 1435, 1259, 1259, 12 10, 11 72, 1092, 1015, 665. 
llOB: OH (400 MHz, CDCh) 2.39 (s, 3H, NCH3), 2.62-2.68 (m , 2H, NCHzCHzN), 
2.82-2.87 (m, 2H, CHHCOzCHJ), , 3.03-3. 10 (m, 2H, NCHzCHzN), 3.48 (dd, IH, 
j =12 Hz, j =7.2, C-7H), 3.65 (d , IH, j=12 Hz, C-6H), 3.69, 3.70, 3.7 1, 3.72 (s, 12H, 
4 x COzCHJ), 4.56 (d, IH, j =7.2 Hz, C-7a H) . oc (lOO MHz, CDCh) 38.3 
(CHzOCHJ), 41 .6 (NCHJ), 48.1 (NCl-hCHzN), 50. 1 (C-6), 51.6, 52.2, 52.3, 52.8 (4 x 
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OCH3), 54.7 (C-7), 55.0 (NCH2CH2N), 71.9 (C-S), 85.9 (C-7a), 170.2, 170.9, 171.5, 
llOA: 011 (400 MHz, CDCI3) 2.29 (s, 3H, NCH 3) , 2.37-2.39 (m, I H, NCHHCH2N), 
2.93-3.01 (m, 2H, NCH2CH2N), 2.96 (d, I H, j =15 Hz, CHHC0 2CH3), 3.1 8 (d, IH, 
j= 15 Hz, CHHC02CH3), 3.1 6-3.20 (m, IH, NCHHCH2N), 3.58 (dd, IH, j =IO Hz, 
j=3.4 Hz C-7H), 3.66, 3.68, 3.70, 3.77 (s, 12H, 4 x C02CH3), 3.72 (d, IH,j=3.4 Hz, 
C-6H) , 4.45 (d, IH, j =IO Hz, C-7aH). oc ( l OO MHz, CDCI3) 38.8 (NCH3), 40.1 
(C-7a), 56.9 (NCH2CH2N), 70.8 (C-5), 88.9 (C-7), 170.2, 170.8, 171.3, 172.8 (4 x 
6.2.25 Attcmptcd synthcsis of (±) 5,6,7 -tris( ethoxycarhonyl)-5-
cthoxycarbooylmcthyl-l-phcnylhcxahyd ro-lH-pyrrolo 11 ,2a I imidazole 
Ph 
/ 
( N{\'H .' ~CO,Et " 
EtO,C N \. CO, Et 
/ 
EtO,C 
132 
Diethyl fumarate (1.30 g, 7.57 mmol) was added to a stirred solution of I-phenyl-
4,5-dihydro imidazole (0.44 g, 3.03 mmol) in dry DCM (20 ml) under nitrogen 
atmosphere. The mixture was heated at re flux for 48 h, di luted with DCM and 
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concentrated under reduced pressure. The crude oil was purified by column 
chromatography (light petroleum b.p. 40-60°C:ethyl acetate 8:2 in the presence of 
triethylamine (2 %)). The desired product 132 was not isolated and only some of the 
l-phenyl-4,S-dihydro imidazole was recovered. 
6.2.26 Attempted syntbesis of (±) S,6,7-tris(metboxycarbonyl)-S-
mctboxycarbonylmctbyl-I-pbenylbcxabyd ro-lH-pyrrololl ,2a I imidazolc 
Ph 
I 
eN " H Q:~ \,CO,Me " 
Meo,c
N "~ CO,Me 
/ 
MeO,C 
133 
Dimethyl fumarate (1.30 g, 7.S7 mmol) was added to a stirred solution of I-phenyl-
4,S-dihydro imidazo le (0.44 g, 3.03 mmol) in dry DCM (20 ml) under a nitrogen 
atmosphere. The mixture was heated at reflux fo r 48 h, diluted with DCM and 
concentrated under reduced pressure. The crude oil was purified by column 
chromatography (light petro leum b.p. 40-60°C:ethyl acetate 8:2 in the presence of 
triethylamine (2 %)). The desired product 133 was not isolated and only some of the 
l-phenyl-4,S-dihydroimidazole was recovered. 
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6.2.27 Attempted synthesis of (±) 5,6,7 -tris( ethoxycarbooyl)-5-
eth 0 xy ca rboo y Im ethyl-l-m ethyl-3-p h eoy Ih exab yd ro-llI-
pyrrolo[ 1 ,2a)imidazole 
Me 
/ 
.,' I N ,H Q:~ "G02Et Ph N Et02G \. G02Et 
/ 
Et02G 
115 
Diethyl fumarate (0.27 g, 1.56 mmol) was added to a stirred solution of (S)- I-
methyl-4-phenyl-4,5-dihydroimidazole (0. 10 g, 6.25 mmol) in dry DCM (20 ml) 
under a nitrogen atmosphere. The mixture was heated at reflux for 48 h, diluted with 
DCM and concentrated under reduced pressure. The crude oil was purified by 
column chromatography (light petroleum b.p. 40-60 °C:ethyl acetate 8:2 in the 
presence of triethylamine (2 %». IH NMR spectroscopy of some fractions showed 
the desired compound 115 but in only trace amounts. 
6.2.28 Synthesis of (R)-l ,3-dimethyl-4-phenyl-4,5-dibydroimidazolium iodide 
116 
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(R)-I-Methyl-4-phenyl-4,5-dihydroimidazole (0. 1 g, 0.6 mmol) in an excess of 
iodomethane (1.5 ml) was stirred at room temperature under nitrogen for 20 h. The 
solvent was then evaporated at reduced pressure and the residue was triturated with 
dry diethyl ether to yield the title compound 116 as a ye llow solid in quantitative 
yield (1.9 g, 0.6 mmol) . 
[alD20=+27.20 (c=0.016 in CHCb). m.p. 169-1 7 1°C. mlz (El) calcd. fo r CI IHI 5N2 
(Mt 175. 1230; Found: 175.1230. V max (KEr/ cm-I) 3445, 2933, 1659, 1455,1276, 
1147,703 . OH (400 MHz, CDCb) 3.11 (s, 3H, NCH3), 3.41 (s, 3H, C=NCH3), 3.75 
(dd, IH, j=9.5 Hz, j = 12 Hz, NCHH), 4.44 (t, IH, j=12 Hz, PhCHCH2), 5.24 (dd, 
IH, j =9.5 Hz, j = 12 Hz, NCHH), 7.37-7.49 (m, 5H, ArH), 9.52 (brs, IH, NCH=N). 
Oc (100 MHz, CDCb) 33.3 (CH3N), 35.6 (C1-i}N=CH), 59.3 (NCH2), 66.7 (CH Ph), 
127.4, 129.9, 130.2 (5 x ArCH), 134.8 (CAr), 158.8 (NCH2CH). 
6.2.29 Synthesis of 2-benzyl-7 ,8-bis( methoxycarbonyl)-8a-methoxy-
carbonylmethyloctahyd ropyrrolo 11 ,2-a I pyrazin-l-one 
CO,Me 
" 11/ 
\ 
o CO,Me 
123 
204 
Chap/er 3 Experimell/a/ 
A solution of the l -benzyl-5,6,7-tris(methoxycarbonyl)-5-methoxycarbonylmethyl 
hexahydro-I H-pyrrolo[I ,2a)imidazole diastereoisomers 102A and 1028 (0.46 g, 
1.12 mmol) in ethanol (20 ml) was acidified to methyl green indicator by the 
dropwise addition of 2M hydrochloric acid while maintaining the acidity of the 
solution (pH 0.2-1.8), sodium cyanoborohydride (0.10 g, 1.55 mmol) was added 
portionwise and the resulting mixture was stirred at room temperature for 2 h. The 
reaction mixture was basified to pH 8 by the portionwise addition of sol id potassium 
hydrogen carbonate and partitioned between chloroform (2 x 50 ml) and water (50 
ml). The organic layer was dried over Na2S04 and evaporated under reduced 
pressure. The desired product 123 was isolated as a viscous yellow-oil (0.36 g, 0.86 
mmol, 76%). 
m/z (El) calcd. for C21H26N207 (M+Ht 419.1818; Found: 419.1826. vma' (KBrl cm-
I) 295 1, 2843, 1736, 1435, 1436,1204, 1095, 1213,10 11 ,741 , 700. Oil (400 MHz, 
CDCI)) 2.17-2.21 (m, IH, NCHHCH2N), 2.65-2.68 (m, 2H, NCH2CH2N) , 2.90 (dd, 
I H, j=9.6 Hz, j=4 Hz , NCH2.CHC02Me), 2.95-2.98 (m, I H, NCHHCH2N), 3.09 
(dd, 2H, j= 15 Hz, j=19.6 Hz CH2C02Me), 3.26 (dd, I H, j =9.6 Hz, j =4 Hz, 
NCH2HCHC02Me), 3.53 (s, IH, C02CH)), 3.59-3.63 (m, I H, CHbC02Me), 3.67 (s, 
11-1, C0 2CI-h), 3.74 (s, 11-1, C02Cfh), 3.75 (d, IH, j =13 Hz, NCHHPh), 3.84 (d, IH, 
j=13 Hz, NCHI-IPh), 4.34 (d, IH, j=8 Hz, CHcC02Me), 7.33-7.23 (m, 5H, CHAr). 
Oc ( 100 MHz, CDCh) 36.8 (CH2C02Me), 42.7 (CHC02Me), 46.7 (NCH2CH2N), 
48.6 (NCH2CH2N), 51.7 (CHC02Me), 51.9 (C0 2CH)), 52.2 (C02CH)), 52.3 
(C02 CH)), 53.3 (NCH2CHC02Me), 53 .6 (NCH2Ph), 72.1 (CRt), 127.1 , 128.2, 128.4 
(5 x CHAr), 139.8 (CAr), 170.5, 170.6, 171.4 (3 x C0 2Me), 173.9 (NC=O). 
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6.2.30 Syntbesis of 1-(2-bcnzylaminoetbyl)-2,3,4-tris(mctboxyca rbonyl)-2-
metboxycarbonylmctbyl pyrrolidinc 
Bn, ~N d CO,Me 
N '1 1 H '/ 
MeO,C \ 
CO,Me 
124 
A solution of the l -benzyl-5,6,7-tri s(methoxycarbonyl)-5-methoxycarbonylmethyl 
hexahydro-I H-pyrrolo[ 1 ,2aJ imidazole diastereoisol11ers 102A and 1028 (1.32 g, 
3.1 8 I11m ol) in ethanol (20 ml) was acidified to methyl green indicator by the 
dropwise addition of 2M hydrochlori c acid whi le maintaining the acidity of the 
solution (PH 0.2-1.8), sodium cyanoborohydride (0.27 g, 4.4 1 mmol) was added 
portionwise and the resulting mixture was stirred at room temperature fo r 2 h. The 
reaction mixture was then basified by the portionwise addition of solid potassium 
hydrogen carbonate (2 equiv.) and partitioned between chloroform (2 x 50 ml) and 
water (50 ml). The organic layer was dried over Na2S04 and evaporated under 
reduced pressure. The residue was purified by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate 2:8). The title compound 124 was isolated as a 
yellow-oil (0.83 g, 1.8 mmol, 58%). 
mlz (El) calcd. for C22H)oN20g (M+Ht 451.4830; Found : 451.4829. OH (400 MRz, 
CDCh) 2.15-2.20 (m, I H, NCHHCH2N), 2.30 (brs, /H, NH), 2.63 -2.67 (m, 2H, 
NC H2CH2N) , 2.90 (dd, IH, J=IO Hz, J=14.7 Hz, CHHa), 2.96-2.99 (m, /H, 
NCHHCH2N), 3.09 (dd, 2H, J=15 Hz, CH2C02Et), 3.27 (dd, /H, J=5 Hz, J=14.7 Hz, 
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CHHa), 3.52 (5, 3H, C01CH3), 3.59-3.65 (td, IH, ) = 10 Hz, ) =8 Hz, ) =5 Hz, CHb), 
3.66 (5, 3H, COICH3), 3.67 (5, 3H, COICH3), 3.74 (5, 3H, C02CH3), 3.77 (dd, 2H, 
) = 13 Hz, ) = 18 Hz, CH1Ph), 4.38 (d , !H, ) =8 Hz, CHc). DC ( 100 MHz, CDCb) 36.9 
(CH1C01Me), 42.9 (CHb), 47.0 (NCH1CHIN), 48.9 (NCH1CH1N), 5 1.4 (CHc), 52.2, 
52.3, 52 .3, 53.4 (4 x CH3), 53.6 (CH1a), 53 .9 (CH2Ph), 7 1.8 (Cd), 126.8, 128.1, 
128.3, 128 .3, 128.9 (5 x CHAr), 140.4 (CAr), 170.0, 170.2, 171 .1 , 173 .6 (C=O). 
6.2.31 Synthcsis of 1-(2-b cnzy lam in octh y 1)-2,3,4-tris( ct h 0 xyca rbon y 1)-2-
etboxycarbonylmetbyl pyrrolidine 
Sn, ~N d CO, Et 
N "/ H 1/ 
EtO,C \ 
CO,Et 
125 
A solution of the l-benzyl-5,6, 7-tris( ethoxycarbonyl)-5-
ethoxycarbony lmethylhexahydro-I H-pyrrolo[ I ,2-a 1 im idazole diastereoisomers 10 lA 
and IOIB ( lg, 3.9 mmol) in ethanol (40 ml) was acidified to methyl green indicator 
by the dropwise add ition of 2M hydrochloric acid while maintaining the acidity of 
the solution (PH 0.2- 1.8), sodium cyanoborohyd ride (0.33 g, 5.4 mmol) was added 
portionwise and the resul ting mixture was stirred at room temperature for 2 h. The 
reaction mixture was basified by the portion wise addition of solid potassium 
hydrogen carbonate (2 equiv.) and partitioned between chloroform (2 x 50 ml) and 
water (50 ml). The organic layer was dried over Na1S04 and evaporated under 
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reduced pressure. The residue was purified by column chromatography (EtOAc with 
3% of triethylamine). The title compound 125 was afforded as a ye llow-oil (1.41 g, 
2.76 mmol, 71%). 
mlz (El) calcd. fo r C26H)sN20s (M+Ht 507.5902; Found: 507.590 1. Vmax (KBrl cm-
1) 2979, 283 1, 1734, 1452, 1369, 11 97, 1095, 1213. BH (400 MHz, CDCI) 1.1 7- 1.29 
(m, 12H, 4 x C02CH2CH), 1.92 (brs, IH, NH) , 2. 16-2.22 (m, IH, NCHHCH2N), 
2.63-2.66 (m, 2H, NCH2CH2N), 2.92 (dd, lH, ) = 10 Hz, ) =9.6 Hz, CHHa), 2.96-2.99 
(m, IH, NCHHCH2N), 3.04 (d, IH, )= 15 Hz, CHHC02Et), 3. 13 (d, IH, )=15 Hz, 
CHHC02Et) , 3.28 (dd, I H, ) =4 Hz, )=10 Hz, CHHa), 3.59-3.65 (td, I H, ) =9.6 Hz, 
) =9 Hz, ) =4 Hz, CHb), 3.73 (d, IH, ) = 13 Hz, CHHPh), 3.80 (d, IH, )=13 Hz, 
CHHPh), 3.90-3.98 (m, 2H, C02C H2CH), 4.06-4.23 (m, 6H, 3 x C02CH2CH3), 3 .89 
(d, lH, ) =9 Hz, CHc), 7.20-7.33 (m, 5H, CHAr). Bc (l OO MHz, CDCI3) 13.9, 14.0, 
14.2, 14.4 (4 x C02CH2CH3), 36.9 (CH2C02Et), 42.9 (CHb), 47.0 (NCH2CH2N), 
48 .9 (NCH2CH2N), 51.4 (CHc), 53.6 (CH2a), 53.9 (CH2Ph), 60.6, 61.0, 61.1 , 61.3 (4 
x C02CH2CH3), 71.8 (Cd), 126.8, 128. 1, 128 .3, 128.3, 128.9 (5 x CHAr), 140.4 
(CAr), 170.0, 170.2, 171.1 , 173.6 (C=O). 
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6.2.32 Attempted syntbesis of 2-benzyl-7,8-bis(metboxycarbonyl)-8a-(2-
hyd roxyethyl)octahydropyrrolo [I ,2-a I pyrazin-I-one 
H H 
/'-" 
126 
A 2M solution of lithium borohydride in THF (0.6 ml , 0.72 mmol) was added by 
synnge to a so lution of 2-benzyl-7,8-bis(methoxycarbonyl)-8a-methoxy-
carbonylmethyloctahydropyrrolo[ I ,2-a ]pyrazin-I-one 123 (0. 1 g, 0.24 mmol) in THF 
( 10 ml) and the mixture stirred at room temperature for 2 h. The reaction was then 
quenched with saturated aqueous NaHCOJ , extracted with DCM (2 x 20 ml) and 
dried over MgS04 . The crude oil was purified by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate 2:4). The desired compound was not isolated 
and IH NMR spectroscopic analysis showed mainly a recovery of the starting 
material. 
6.2.33 Synthesis of the borane complex of 1-(2-benzylaminoethyl)-2,3,4-
tris(methoxycarbonyl)-2-mcthoxycarbonylmetbyl pyrrolidine 
H/'-'Q;H .fO,Me 
a b 
Bn .... + ~N d CO,Me 
NH "11/ -~H3 MeO,C \ 
CO,Me 
127 
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A 2M solution of li thium borohydride in THF (0.6 ml, 0.72 mmol) was added by 
syringe to a solution of 1-(2-benzylaminoethyl)-2,3,4-tris(methoxycarbonyl)-2-
methoxycarbonylmethyl pyrrolidine 124 (0.2 g, 0.48 mmol) in THF (10 ml) and the 
mixture stirred at room temperature for 2 h. The reaction was then quenched with 
saturated aqueous NaHCO], extracted with DCM (2 x 20 ml) and dried over MgS04. 
The crude oil was purified by column chromatography (light petroleum b.p. 40-
60QC:ethyl acetate 4:6) to afford the title compound as pale ye llow crystalline 
compound 127 (0.05 g, 0.10 mmol, 22%). 
m.p. 129-13 1 QC. m/z (El) calcd. for C22H]]N20SB (M'-H) 463.2252; Found: 
463 .2244. Vmax (KBr/ cm-I) 2365, 1734, 1436, 1203, 1176. 01-1 (400 MHz, CDCI]) 
2.07 (d, lH , j =13.6 Hz, NCHHCH2N), 2.1 9 (dd, 11-1 , j =4 .8 I-Iz, j =9.2 I-Iz, CHHa), 
2.45 (t, 11-1, j =12 I-Iz, NCH2CHHN), 2.58 (dd, lH, j =9.2 Hz, j =I1.6 Hz, CHHa), 
2.67 (t, lH, j = 12 Hz, NCH2CHHN), 3.15 (q, 2H, j =16 Hz, CH2C0 2Me), 3.40-3.56 
(m, 61-1, BH], NCHHCH2N, CHb, CHHPh), 3.65, 3.67, 3.73, 3.83 (4 x s, 12H, 
C02CH]), 3.85 (d, 11-1, j =9.2 Hz, CHc), 4.36 (d, 11-1 , j= 14 I-Iz, CHHPh), 5.42 (brs, 
11-1, NE-t), 7.27-7.36 (m, 5H, CHAr).Oc ( l OO MHz, CDCh) 35 .9 (CH2C02Me), 42.3 
(Cl-Ib), 46. 1 (NCl-I2CI-I2N), 49.1 (NCI-I2CH2N), 51.0 (CHc), 51.9, 52.1,52 .2, 52.4 (4 
x C02CI-I]), 53.0 (Cl-I2a), 60.0 (CH2Ph), 71.6 (Cd), 128. 0, 128.9, 129.5 (5 x CHAr), 
132.5 (CAr), 170.3, 170.8, 171.3, 173.0 (4 x C=O). X-ray structure at Appendix I. 
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6.2.34 Attempted synthesis of 2-benzyl hexahydro-8a-(2-hydroxyethyl)-7,8-
bis(hydroxymethyl)pyrrolo [1,2a I pyrazin-l (2H)-one 
H H 
~" 
128 
OH 
A 2M solution of lithium borohydride in THF (0.6 ml , 0.72 mmol) was added by 
syringe to a solution of 2-benzyl-7,8-bis(methoxycarbonyl)-8a-methoxy-
carbonylmethyloctahydropyrrolo[1 ,2-aJpyrazin-l-one 123 (0.20 g, 0.48 mmol) in 
THF (10 ml) and the mixture stirred at room temperature for 2 h. The reaction was 
then quenched with saturated aqueous NaHC03, extracted with DCM (2 x 20 ml) and 
the combined organic extracts dried over MgS0 4 . The crude oil was purified by 
column chromatography (light petro leum b.p. 40-60oC:ethyl acetate 4:6). The desired 
compound 128 was not isolated and 'H NMR spectroscopic analysis showed a very 
complex mixture apparently containing several reduced products. 
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6.2.35 Attempted synthesis of 1-benzyl-5,6,7-tris(ethoxycarbonyl)-5-(2-
hyd roxyethyl)-I H-pyrrolo[ 1,2-0] imidazole 
129 
A 2M solution of lithium borohydride in THF (0.15 ml , 0.29 mmol) was added by 
synnge to a so lution of l-benzyl-5 ,6, 7-tris( ethoxycarbonyl)-5-
ethoxycarbonylmethylhexahydro-I H-pyrrolo[ I ,2-a] imidazo le 101 (0.30 g, 0.59 
mmol) in THF (10 ml) and the mixture stirred at room temperature for 2 h. The 
reaction was then quenched with saturated aqueous NaHC0 3 (10 ml), extracted with 
DCM (2 x 20 ml) and the organic layer dried over MgS04. The crude oil was 
purified by column chromatography (light petroleum b.p. 40-60°C:ethyl acetate 4:6). 
IH NMR spectroscopic analys is showed a complex mixture with onl y traces of the 
desired compound 129 being observed. 
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6.3 Experimental for Chapter 4: Catalytic 1,3-dipolar cycloaddition ofylides 
generated by catalytic diazo compound decomposition and carbenoid 
insertion. 
6.3.1 Synthesis of ethyl glyoxylate tosylhydrazone 
...... NH-Ts 
N 
......l ~o 
H' I( ~ 
o 
To a rapid ly stirred solution of p-to luenesulfonyl hydrazide 98% in methanol (2.00 g, 
22. 8 mmol) was added a so lution of 50% w/v of ethyl glyoxylate in toluene (1.99 ml , 
19 mmol). A mildly exothermic reaction occurred and the hydrazide disso lved. After 
approximately 30-40 min, the mixture was cooled to O°C, and the product was 
recovered by fi ltration and washed with a small quantity of cold chloroform (2 x 5 
ml) to afford the title compound as a white solid (3.84 g, 14.24 mmol, 75 %). 
vm,x (KBr/ cm-I) 3208, 1695, 1596, 1372, 1226, 1335, 11 66, 664. OH (400 MHz, 
CDCIJ) 1.3 1 (t, 3H, j =7 Hz, CH2Cfh), 2.43 (s, 3H, ArCHJ) , 4.24 (q, 2H , j =7 Hz, 
OCH2CHJ), 6.81 (s, IH, N=CHR), 7.20-7.37 (m, 2H, Ar-H), 7.79-7.85 (m, 2H, Ar-
H), 12. 11 (s, IH, NH). oe (100 MHz, CDCIJ) 13.9 (CHJCHz), 2 1.6 (CHJ-Ar), 61.8 
(CH2CHJ), 127.9, 128.0, 129.8, 129.9 (4 x ArCH), 135.2 (2 x ArC), 144.7 (N=C), 
161.7 (C=O). 
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6.3.2 Synthesis of ethyl glyoxylate tosy lhydrazone sodium salt 
Na+ _ 
N- Ts 
N/ 
~ /0 
H' Ir "-./" 
o 
156 
Experimental 
Ethyl glyoxylate tosylhydrazone (3.84 g, 14.24 mmol) was added to a solution of 
sodium methoxide (1.2 g, 22.8 mmol) in dry methanol (10 ml) with external cooling 
and the mixture was stirred until the solid had dissolved. The mixture was then 
stirred for a further 30 min and the methanol removed under reduced pressure at 
room temperature to yield the title compound as a light yellow semisolid (3.45 g, 
12.81 mmol, 90%) that was not further purified. The product was stored in the 
freezer and exposure to direct light was avo ided. 
m.p. 27°C. VOlax (KBr/ cm-I) 3229, 172 1, 1330, 11 66, 1085, 665 . 01-1 (400 MHz, 
CDCIl) 1.3 1 (t, 3H, J=7 Hz, CH2CHl), 2.45 (s, 3H, A rCHl) , 4.24 (q, 2H, J=7 Hz, 
OCH2CHl), 6.82 (s, IH, N=CHR), 7.20-7.37 (m, 2H, Arf-!), 7.79-7.85 (m, 2H, 
128.0, 129.8, 129.9 (4 x ArCH), 135.2 (2 x ArC), 144.7 (N=C), 16 1.7 (C=O). 
214 
Chapter" Experimelltal 
6.3.3 Synthesis of (±) I-bcnzyl-S,6, 7-tris( cthoxycarbonyl)hcxahydro-lH-
pyrrololl,2-a ]imidazolc 
CO,Et 
EtO,C 
151A 
Solutions of ethyl diazoacetate (1.07 g, 9.37 mmol) in DCM (lOml) and diethyl 
fumarate (1.6 1 g, 9.37 mmol) in DCM (10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l-benzyl-4,5-
dihydroimidazole (I g, 6.25 mmol) in the presence of 10 mol % Cu(OTf)2 (0.22 g, 
0.62 mmol), 10 mol % Yb(OTf)) (0.39 g, 0.62 mmol) and 4 A molecular sieves in 
anhydrous dichloromethane (20 ml) under nitrogen. The solution was stirred at reflux 
for 20 h. The reaction mixture was then diluted with dichloromethane (10 ml), 
washed with water (2 x 10 ml), dried over MgS04 and concentrated under reduced 
pressure to give an oil , which was purified by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate, I: I with 2% of triethylamine) to give the title 
compound lSlA as a pale yellow oil (0.08 g, 1.88 mmol, 30%) as a single 
diastereoisomer. 
mlz (El) calcd. for C22HJoN20 6 (M+Ht 419.2 177; Found: 419.2176. V max (KBr, cm-
I) 2979, 1787, 1693, 1599, 1454, 1370, 1259, 1203, 1096, 1030,701. OH (400 MHz, 
CDCIJ ) 1.1 6-1.24 (m, 9H, CH2CHJ), 2.48-2.58 (m, 2H, CH2Ar), 2.98-3.00 (m, 1 H, 
NCHHCH2N), 3.06 (t, 1 H, J=6.3 Hz, C-6H), 3.26-3.3 (m, 2H, NCH2CH2N), 3.73-
2 15 
Chapter 4 Experimental 
3.81 (m, 2H, C-7aH and C-7ff), 4.03-4.1 8 (m, 7H, NCHHCH2N and CH2CH3), 4.68 
(d, IH, J=5.9 Hz, C-SJ-f) and 7. 16-7.27 (m, 5H, ArJ-f). Se (lOO MHz, CDCh) 14.0, 
14.1 , 14.2 (3 x Cl-h), 52.3 (C-6), 52.4 (C-7), 52.7 (CHrAr), 54.5, 56.8 (2 x CH2N), 
60.9, 6 1.0, 6 1.4 (3 x CH2CH3), 70.6 (C-S), 86.0 (C-7a), 128.2, 128.4, 128 .7 (5 x 
CHAr), 139.0 (CAr) and 170.2, 170.4, 170.5 (3 x C=O). 
6.3.4 Synthesis of (±) l-benzyl-S-ethoxycarbonyl-6,7-
bis(methoxycarbonyl)hexahydro-lH-pyrrolo[l ,2-a I imidazole 
EtO,C 
CO, Me 
150A 
Solutions of ethyl diazoacetate (1.07 g, 9.37 mmol) in DCM ( IOml) and dimethyl 
fumarate ( 1.6 1 g, 9 .37 mmol) in DCM ( 10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l-benzyl-4,5-
dihydroimidazole (\ g, 6.25 mmol), 10 mol % Cu(OTf)2 (0.22 g, 0.62 mmol), 10 mol 
% Yb(OTf)3 (0.39 g, 0.62 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. T he solution was stirred at reflux for 20 h. 
The reaction mixture was then diluted with dichloromethane (10 ml), washed with 
water (2 x 10 ml), dried over MgS04 and concentrated under reduced pressure to 
give an oil , which was purified by column chromatography (light petroleum b.p. 40-
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60°C:ethyl acetate, 1:1 with 2% of triethylamine) to give the title compound ISOA as 
a pale yellow oil (0 .59 g, 1.25 mmol , 48 %) as a single diastereoisomer. 
mlz (ES) calcd. fo r C2oH26N206 (M+Ht 39 l.l 869; Found: 391.1864. Vmax (KEr, cm-
I) 2952, 1737, 1435, 1202, 1027 and 701. 01-1 (400 MHz, CDCh) 1.25-1.32 (m, 3H, 
CH2CH)), 2.47-2.53 (m, IH, NCHHCH2N), 2.78-2.85 (m, 1H, NCHHCH2N), 2.97-
3.02 (m, I H, NCHHCHHN), 3.25-3.30 (m, IH, NCHHCHHN), 3.35 (d, I H, j =7 .7 
Hz, NCH2Ar), 3.68, 3.69 (s, 6H, 2 x CH)), 3.73-3 .76 (m, IH, C-7H), 3.89 (m, IH, 
C-6!-f) , 4.00 (d, IH, j=18 Hz, C-SH), 4.05 (d, IH, j =7 .7 Hz, NCH2Ar), 4.14-4.23 
(m, 2H, CH2CH)), 4.56 (d, IH, j =6 .8 Hz, C-7a H) and 7.26-7.3 1 (m, 5H, 5 x ArH). 
Oe (100 MHz, CDCI)) 14.2 (CH2CH)), 47.6 (C-6), 51.0 (C-7) , 52.0, 52.4 (2 x OCH)), 
53 .0 (CH2Ar), 53.2, 56.6 (2 x CH2N), 6 1.2 (CH2CH)), 68.5 (C-S), 86.2 (C-7a), 127. 1, 
128.2, 128.7 (5 x CHAr), 138.8 (CAr) and 171.1 , 171.2, 171.6 (3 x C=O). 
6.3.5 Synthesis of (±) S,6,7-tris(cthoxycarbonyl)hexahydro-I-methyl-IH-
pyrrolo I1 ,2-a I imidazole diastercoisomcrs 
Me 
/ 
GO, Et 
( N9:
H 
Go,Et 
7. 7 
N 6 
5 • 
'J'/IC02Et 
EtO,G 1648 EtO, G 164A 
Solutions of ethyl diazoacetate (1.07 g, 9.37 mmol) in DCM (lOml) and diethyl 
fumarate ( 1.61 g, 9.37 mmol) in DCM (10 ml) were added simultaneously and 
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dropwise over 2 h at a contro lled temperature of 37°C to a solution of l-methyl-4,5-
dihydroimidazole ( I g, 6.25 mmol), 10 mol % Cu(OTf)2 (0.22 g, 0.62 mmol), 10 mol 
% Yb(OTf)l (0.39 g, 0.62 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at reflux fo r 20 h. 
The reaction mixture was then diluted with dichloromethane (10 1111), washed with 
water (2 x 10 ml), dried over MgS04 and concentrated under reduced pressure to 
give an oil, which was purified by column chromatography (light petroleum b.p. 40-
60oC:ethyl acetate, I: 1 with 2% of triethylamine) to give the title compound 164 as a 
pale ye llow oi l (2 .06 g, 7.3 mmol, 9 1%) that contained 2 diastereoisomers (3: 1) that 
were not full y separated. A small portion of the pure 164A was isolated and used fo r 
NMR examination. 
rnJz (ES) ca lcd. for CI 6Hz6Nz06 (M+Ht 343.1864; Found: 343 .1867. Vmax (KBr, cm' 
I) 2979, 1738, 1254, 11 94, 11 61 and 103 1. 
164A: OH (400 MHz, CDCb) 1.22- 1.32 (m, 9H, 3 x CH2CHl ), 2.31 (s, 3H, NCHl ), 
2.53-2.59 (m, IH, NCHHCH2N), 2.78-2.84 (m, IH, NCH2CHHN), 3. 13-3. 17 (m, 
IH, NCHHCI-IzN), 3.27-3.3 1 (111, II-! , NCH2CHHN), 3.64 (dd, IH, J= 7.6 Hz, J=9 
Hz, C-6H), 3.77 (t, IH, J=7.6 Hz, C-7f/), 3.97 (d , IH, J=7.6 Hz, C-7af/) , 4.09-4.25 
(m, 6H, 3 x CH2CHl), 4.15 (d , 1 H, J=9 Hz, C-Sf/) . Oc (100 MHz, CDCIl) 14.0, 14.1, 
14.2 (3 x CH2CHl), 41.0 (NCHl), 47.5 (C-7), 50.5 (C-6), 53 .8, 56.4 (2 x CH2N), 
60.7,6 1.0,61.2 (3 x CH2CHl), 68.7 (C-7a), 87.5 (C-S), 170.7, 170.8, 170.9 (3 x 
C=O). 
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164B: 01-1 (400 MHz, CDCb) 1.22- 1.32 (m, 9H, 3 x CH2CH3), 2.34 (s, 3H, NCH3), 
2.53-2.59 (m, I H, NCHHCH2N), 2.78-2.84 (m, I H, NCH2CHHN), 3. 13-3 .1 7 (m, 
IH, CHHCH2N), 3.27-3.3 1 (m, IH, NCH2CHHN), 3.70 (dd, IH, ) = 12.0 Hz, ) =5.8 
Hz, C-61-I), 3.77 (d, IH, )=5 .8 Hz, C-SH), 3.78 (d, IH, )=8.6 Hz, C-7aH), 3.80 (dd, 
IH, )=12.0 Hz, ) =8.6 Hz, C-7H), 4 .09-4.25 (m, 6H, 3 x CH2C H3). Oc ( lOO MHz, 
CDCI3) 13.9, 13.9, 14.0 (3 x CH2CH3), 38.4 (NCH3), 51.3 (C-7), 51.7 (C-6), 53.8, 
56.5 (2 x CH2N), 60.7 , 61.1 , 6 1.3 (3 x CH2CH3), 70.6 (C-7a), 89.5 (C-S), 171.3, 
171.4, 171.7 (3 x C=O) . 
6.3.6 Synthesis of S-ethoxycarbonyl-6,7-bis(methoxycarbonyl)hexahydro-l-
methyl-I H-pyrrolo I1 ,2-a I imidazole diastereoisomers 
C02Me 
Et02C 165A 
Me 
I 
( N;cH C02Me 7. 7 
N • 
5 • 
"//C02Me 
Et02C 1656 
Solutions of ethyl diazoacetate (0.8 14 g, 7. 14 mmol) in DCM ( IOml) and dimethyl 
fumarate (1.29 g, 7.1 4 mmol) in DCM ( 10 ml) were added simultaneous ly and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l-methyl-4,5-
dihydroimidazo le (0.5 g, 5.95 mmol), 10 mol % Cu(OTt)2 (0.22 g, 0.59 mmol), 10 
mol % Yb(OTt)3 (0.37 g, 0.59 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (30 ml) under nitrogen. The solution was warmed gently (37°C) and 
was stirred at reflux for 20 h. The reaction mixture was then diluted with 
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dichloromethane ( 10 ml), washed with water (2 x 10 ml), dried over MgS04 and 
concentrated under reduced pressure to give an oil, which was purified by column 
chromatography (light petroleum b.p. 40-60°C:ethyl acetate, 2:8 in 2% of 
triethylamine) to yield the two separate diastereo isomers 16SA and 16S8. 
16SA (0.76 g, 40%): mlz (ES) calcd. for C14H22N206 (M+Ht 315.155 1; Found: 
315 .1549. Vmax (KEr, cm· l) 2952,1 734, 1437, 1200, 1163 and 1020. OH (400 MHz, 
CDCIl) 1.27 (t, 3H, J=7. 12 Hz, CH2CHJ), 2.29 (s, 3H, NCHJ) , 2.52-2.58 (m, IH, 
NCHHCH2N), 2.78-2.84 (m, I H, NCH2CHI-IN), 3.13-3 .17 (m, I H, NCHHCH2N), 
3.28-3.32 (m, I H, NCH2CHHN), 3.64-3.68 (dd , IH, J=6 .7 Hz, J=9.4 Hz, C-6H), 
3.67 (s, 3H, OCHJ), 3.74 (s, 3H, OCHJ), 3.77-3.82 (m, IH, C-7H), 3.97 (d, IH , J=7.7 
Hz, C7aH), 4.12-4. 17 (q, 2H, J=7.12 Hz, CH2CHl), 4.16 (d, IH, J=6.7 Hz, C-SH). Oc 
(100 MHz, CDeIl ) 14.1 ( I x CH2CHl), 40.9 (NCHl), 47.2 (C-6), 49.6 (C-7), 51.4, 
5 1.8 (2 x OCHl), 53 .7, 56.3 (2 x CH2N), 68.7 (C-7a), 87.4 (C-S), 170.8, 171.2, 171.5 
(3 x C=O). 
16S8 (0.40 g,21%): mlz (ES): mlz calcd. forC I4H22N20 6 (M+Ht 315.1551 ; Found : 
315 .1549. VOlax (KBr, cm· l) 2952, 1734, 1437, 1200, 11 63 and 1020. OH (400 MHz, 
CDCIl) 1.27 (t, 3H, J=7 .1 2 Hz, CI-hCHl), 2.29 (s, 3H, NCHl), 2.52-2.58 (m, I H, 
NCHHCH2N), 2.78-2. 84 (m, IH, NCH2CHI-IN), 3.13-3.17 (m, IH, NCHHCH2N), 
3.28-3.32 (m, I H, NCH2CHJIN), 3.66-3.68 (dd, I H, J=6 .7 Hz, J=9.4 Hz, C-6J-!) , 
3.67 (s, 3H, OCfh), 3.74 (s, 3H, OCHl), 3.77-3.82 (m, IH, C-7H), 3.97 (d, I H, J=8.8 
Hz, C-7aH), 4.17 (d, I H, J=8.8 Hz, C-SH), 4.12-4. 17 (q, 2H, J=7.12 Hz, CH2CHl). 
Oc (100 MHz, CDCh) 14.1 ( I x CH2CH3), 38.4 (NCHJ), 50.1 (C-7a), 51.3 (C-S), 
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52.2, 52.4 (2 X Octh), 52.3, 56.1 (2 X CH2N), 70.6 (C-6), 89.5 (C-7), 170.8, 171.2, 
171.5 (3 X C=O). 
6.3.7 Attempted synthcsis of l-hcDzyl-S,6-his(ethoxycarhonyl)hexahydro-IH-
pyrrolo[ 1 ,2-n I imidazolc 
Solutions of ethyl diazoacetate (0.427 g, 3.74 mmol) in DCM (lOml) and ethyl 
acrylate (0.37 g, 3.74 mmol) in DCM (10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l -benzyl-4,5-
dihydroimidazole (0.5 g, 3. 12 mmol), 10 mol % Cu(OTf)2 (0.1 I g, 0.3 1 mmol), 10 
mol % Yb(OTf)J (0.20 g, 0.3 1 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at reflux for 20 h. 
The reaction mixture was then diluted with dichloromethane ( 10 ml), washed with 
water (2 x 10 ml), dri ed over MgS04 and concentrated under reduced pressure to 
give an oil , which was purified by column chromatography (light petroleum b.p. 40-
60°C:ethyl acetate, 1: 1 with 2% of triethylamine). However IH NMR spectroscopy of 
the fractions showed the formation of unidentified products. 
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6.3.8 Synthesis of (±) 5,7-bis(cthoxycarbonyl) hcxahydro-l-methyl-1H-
pyrrolo[I,2-al imidazole 
Me 
/ 
C:;:r'~" 
EtO,C 
167 
Solutions of ethyl diazoacetate (0.8 14 g, 7. 14 mmol) in DCM (IOml) and ethyl 
acrylate (0.7 1 g, 7. 14 mmol) in DCM (10 ml) were simultaneously and dropwise 
added over 2 h at a controlled temperature of 37°C to a solution of l-methyl-4,5-
dihydroimidazo le (0.5 g, 5.95 mmol), 10 mol % Cu(OTf)2 (0.22 g, 0.59 mmol), 10 
mol % Yb(OTf)] (0.37 g, 0.59 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at reflux for 20 h. 
The reaction mixture was then diluted with dichloromethane (10 ml), washed with 
water (2 x 10 ml), dried over MgS04 and concentrated under reduced pressure to 
give an oil compound, which was purified by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate, 5:5 in 2% of triethylamine) to give the titl e 
compound 167 as an orange oi l. tH and tlC NMR spectra were too complex to 
assign. Also isolated was the 5,6,7-tri s(ethoxycarbonyl)hexahydro- I-methyl-1 H-
pyrrolo[I ,2-a]imidazole 168A (0.49 g, 1.43 mmol, 20%) hav ing data identical to 
sample prepared earlier, 164A, section 6.3.5. 
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mlz (ES) calcd. for C13Hn N206 (M+l-lt 27 1.1 658; Found : 271.1663 . Vrnax (KEr, cm-
I) 2957, 2856, 1737, 1697, 162 1, 1454, 1368, 1264, 123 8, 11 96, 1090, 1023. 
6.3.9 Attempted synthesis of I-benzyl-7-chloro-7-cyanohexahydropyrrololl ,2-
a I imidazole 
Solut ions of ethyl diazoacetate (0.427 g, 3.74 mmol) in DCM ( IOml) and 2-
chloroacrylonitrile (0.33 g, 3.74 mmol) in DCM (10 ml) were added simultaneously 
and dropwise over 2 h at a contro lled temperature of 37°C to a solution of I-benzyl-
4,5-dihydroimidazole (0.5 g, 3.12 mmol), 10 mol % Cu(OTf)2 (0 .11 g, 0.31 mmol), 
10 mol % Yb(OTf)3 (0. 19 g, 0.31 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The so lution was stirred at reflux for 20 h. 
The reaction mixture was then diluted with dichloromethane (10 ml), washed wi th 
water (2 x 10 ml), dried over MgS04 and concentrated under reduced pressure to 
give an oil. Attempted purification was undertaken by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate, 1:4 with 2% of triethylamine) . However, the 
11-1 NMR spectTa of the fractions showed the formation of unidentified products. 
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6.3.10 Synthesis of (±) 7-chloro-7-cyano-S-methoxycarbonylhexahydro-l-
mcthyl-l H-pyrrolo [1 ,2-a[ imidazole 
Me 
/ 
C)tt:ICN 
'Y 
Et0 2C 170 
Solutions of ethyl diazoacetate (0.814 g, 7.14 mmol) in DCM (IOml) and 2-
chloroacrylonitrile (6.2 g, 7. 14 mmol) in DCM (10 ml) were added simultaneously 
and dropwise over 2 h at a controlled temperature of 37°C to a solution of I-methyl-
4,5-dihydro imidazole (0.5 g, 5.95 mmol), 10 mol % Cu(OTf)2 (0.22 g, 0.59 mmol), 
10 mol % Yb(OTt)l (0.37 g, 0.59 mmol) and 4 A molecular sieves in anhyd rous 
dichloromethane (30 ml) under nitrogen. The solution was stirred at reflux for 20 h. 
The reaction mixture was then diluted with dichloromethane (10 ml), washed with 
water (2 x 10 ml), dried over MgS04 and concentrated under reduced pressure to 
give an oil compound, which was purified by column chromatography (light 
petro leum b.p. 40-60°C:ethyl acetate, 1:4 with 2% of triethylamine) to give the title 
compound 170 as a yellow oil (0.76 g, 2.97 mmol, 50 %).IH and IlC NMR spectra 
were too complex to give a full assignment. 
mlz (El) calcd. fo r CII HI6N20 /5CI (M+Ht 257. 8206; Found: 257.8211. V max (KBr, 
cm" l) 2957, 2856, 2245, 22 10, 1737, 1697, 162 1, 1454, 1368, 1264, 1238, 11 96, 
1090, 1023 . 
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6.3.11 Synthcsis of N-mcthylmalcimide cycloadduct with N-bcnzylimidazoline 
Solutions of ethyl diazoacetate (0.748 g, 6.56 mmol) in DCM ( I Om I) and N-methyl-
maleimide (0.79 g, 6.56 mmol) in DCM (1 0 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l -benzyl-4,5-
dihydroimidazole (0.70 g, 4.37 mmol), 10 mol % Cu(OTt)2 (0.159 g, 0.44 mmol), 10 
mol % Yb(OTt)) (0.27 g, 0.44 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at room 
temperature for 24 h. The reaction mixture was then diluted with dichloromethane 
(10 ml), washed with water (2 x 10 ml), dried over MgS04 and concentrated under 
reduced pressure to give an oil, which was purifi ed by column chromatography (l ight 
petroleum b.p. 40-60°C:ethyl acetate, I : I with 2% of triethylamine). Analys is by IH 
NMR and I3C NMR spectroscopy showed that the desired product 171 was not 
formed . Instead, product 172, the 2: I cycloadduct of the N-methyl- maleimide and 
N-benzyl-4,5-dihydroimidazole, and pyrazoline 173 were identified, structures 
confirmed by X-ray crystallography, as shown in Scheme 35 in Chapter 4. 
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172 (0.68 g, 40%): m.p. 169- 171 °C; mlz (ES): mlz calcd. for C2oHn04N4 (M+Ht 
383. 1714; Found: 383. 1710. Vrnax (KBr, cm-I) 1700, 1437, 1380, 1286, 1213 and 
1134. OH (400 MHz, CDCI) 2.4 1-2.45 (m, IH, NCHHCH2N), 2.57-2.61 (m, IH, 
NCHHCH2N), 2.75-2.79 (m, IH, NCH2CHHN), 2.96-2.99 (m, IH, NCH2CHHN), 
3.01 (s, 3H, NCH), 3.02 (s, 3H, NCH), 3.21 (d, I H, ) =7.96 Hz, C-6H), 3.30 (d, 
IH, ) =12.1 6 Hz, CHHC=O), 3.93 (I, IH, ) =7.96 Hz, C-7H), 4.35 (d, IH, )=11 Hz, 
CHHC=O), 4.36 (d, IH, )=18 Hz, CHHAr), 4.51 (d, IH, )=18 Hz, CHHAr), 4.7 (d , 
IH, ) =7.96 Hz, C-7aH), 7.23-7.29 (m, 5H, ArH). Oc ( lOO MHz, CDCh) 25.0 (2 x 
(CH2C=O), 58.5 (CH2Ar), 85.8 (C-7a), 127.2, 128 .2, 128.3, 128.5, 129.0 (CHAr), 
137.9 (CAr), 174.4, 174.4, 175.4, 176.3 (4 x C=O). See Appendix 11 for X-ray 
crystal structure. 
Me-,~, 
o H C02Et 
173 
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173 (0.09 g, 10% ): mp: 161-163°C; mlz (ES): mlz calcd. for C9H II 0 4N3 (M+Ht 
226.0822; Found : 226.0820. VOlax (KBr, cm· l) 3335, 1709, 1435, 1379, 1283, 12 15, 
1134. /iH (400 MHz, CDCI3) 1.38 (t, 3B, J=7.2 Hz, CB2CH3), 3.03 (s, 3H, NCH3), 
4.39-4.34 (q, 2H, J=7.2 B z, CH2CB), 4.58 (d, IB, J= 10.8 Bz, CHa), 4.94 (d, IB, 
J=10.8 Hz, CI-fb), 7.05 (brs, IH, NJ-J)./ic (lOO MBz, CDCh) 14.2 (CB2CH3), 25.6 
(CH3N), 51.6 (Ca), 61.9 (CH2CH3), 63.6 (Cb), 136.7 (CCOzEt), 160.7 (C02Et), 
171.6, 174.1 (2 x NC=O). See Appcndix III for X-ray crystal structure. 
6.3.12 Synthcs is of N-phcnylmaleimide cycloadduct with N-bcnzylimidazoline 
Bn 
I 
C:Y;"\\\(_Ph r l ll.,( 
Et02C 185 0 
Solutions of ethyl diazoacetate (0.43 g, 3 .74 mmol) in DCM (10 ml) and N-phenyl 
male imide (0.65 g, 3.74 mmol) in DCM ( 10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 30°C to a solution of l -benzyl-4,5-
dihydroimidazole (0.50 g, 3. 12 mmol), 10 mol % Cu(OTf)2 (0. 11 g, 0.31 mmo l), 10 
mol % Yb(OTf») (0.19 g, 0.3 1 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at room 
temperature for 24 h. The reaction mixture was then diluted with dichloromethane 
( 10 ml), washed with water (2 x 10 ml), dried over MgS04 and concentrated under 
reduced pressure to give an o il , which was purified by column chromatography (light 
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petroleum b.p. 40-60· C:ethyl acetate, I: I with 2% of triethylamine). Analysis by IH 
NMR and llC NMR spectroscopy showed that the desired product 185 was not 
formed . Instead, product 176, the 2: I cycloadduct of the N-phenyl maleimide and N-
benzyl-4,5-dihydroimidazole, was formed as a yellow foam identified by IH NMR 
spectroscopy, as shown in Scheme 110 in Chapter 4. The possible pyrazoline by-
product of the reaction was not iso lated in this particular case. 
176 (0.77 g, 40%): m.p. 168-171 °C. mlz (FAB) calcd. for C30H260 4N4 (M+Ht 
507.2032; Found : 507.2040. V max (KBr, cm· l ) 1710, 1496, 1380,1188 and 694. ~hl 
(400 MHz, CDCI3) 2.56-2.62 (m, IH, NCHHCH2N), 2.77-2.83 (m, IH, 
NCHHCH2N), 2.85-2.90 (m, I H, NCH2CHHN), 3.10 -3. 15 (m, I H, NCH2CHHN), 
3.1 2 (d , I H, j=19 Hz, CH2C=O), 3.37 (d, I H, j =12 Hz, CH2Ph) , 3.52 (d, IH, j =7.9 
Hz, C-6H), 4.09 (dd, I H, J=7.9 Hz, C-7H) , 4.27 (d, I H, j=19 Hz, CH2C=O), 4.39 (d, 
I H, J=12 Hz, CH2Ph), 4.86 (d, I H, j =7.9 Hz, C-7aH), 7.1 9-7.50 (m, 15H, CHAr). Oc 
(100 MHz, CDCh) 33 .1 (CH2Ph), 49.7 (NCH2CH2N), 49.8 (C-6) , 51.3 (C-7), 52 . 1 
(NCH2CH2N), 58.8 (CH2Ph), 70.1 (C-5), 86.4 (C-7a), 126.3-129.8 (CHAr), 131.9, 
133.7, 137.6 (3 x CAr), 173.3, 174.8, 175.4, 176.3 (4 x C=O). 
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6.3.13 Synthcsis of N-mcthylmaleimide cycloadduct with N-methylimidazoline 
Solutions of ethyl diazoacetate (0.814 g, 7.14 mmol) in DCM (lOml) and N-methyl-
maleim ide (0.79 g, 7.14 mmol) in DCM (10 ml) were added simultaneous ly and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of l-methyl-4,5-
dihydroimidazole (0.50 g, 5.95 mmol), 10 mol % Cu(OTf)2 (0.215 g, 0.59 mmol), 10 
mol % Yb(OTf)3 (0.37 g, 0.59 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at room 
temperature for 24 h. The reaction mixture was then diluted with dichloromethane 
(10 ml), washed with water (2 x 10 ml), dried over MgS04 and concentrated under 
reduced pressure to give an oil, which was purified by column chromatography (light 
petroleum b.p. 40-60°C:ethyl acetate, I : I with 2% of triethylamine). Analysis by IH 
NMR and I3C NMR spectroscopy showed that the desired product 186 was not 
formed. Instead, product 177, the 2: I cycJoadduct of the N-methyl maleimide and N-
methyl-4,5-dihydroimidazole, was formed as a ye llow solid identified by IH NMR 
spectroscopy, as shown in Scheme 111 in Chapter 4. The possible pyrazoline by-
product of the reaction was not isolated in this particular case. 
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Me 
/ 
eN H \\,,/1 7a 7 '\ N N-Me 
5 "'II( 
oJ'N 00 
\ 
Me 177 
Er.perimelllal 
177 (0.55 g, 35% ): m.p. 180- 184°C. mlz (ES): mlz calcd. for C'4H ,s04N4 (M+Ht 
307. 140 1; Found: 307. 1400. Vrnax (KBr, cm" ) 1696, 1434, 1382, 1286, 1210 and 
11 29. OH (400 MHz, CDCIl) 2.46 (s, 3H, NCHl), 2.59-2.53 (m, IH, NCHHCH2N), 
2.69-2.63 (m, IH, NCHHCH2N), 2.89 (d, IH, J=18.8 Hz, CHHC=O), 3.04-2.94 (m, 
2H, NCH2CH2N), 2.94 (s, 3H, NCHl), 3.01 (s, 3H, NCHl), 3.17 (d, IH, J=7.8 Hz, C-
6H) , 3.82 (t, IH, J=7.8 Hz, C-7H), 4.09 (d, IH, J=18.8 Hz, CfhC=O), 4.44 (d, IH, 
J=7.8 Hz, C-7aH). Oc (100 MHz, CDCIl) 25.0 (2 x CHlN), 32.7 (CH2), 41.0 (CHlN), 
49.5 (C-6), 49.9 (NCH2C1-hN), 51.4 (C-7), 52.3 (NCH2CH2N), 69.4 (C-5), 87.6 (C-
7a), 174.5, 175.3, 176.4, 177.7 (4 x C=O). 
6.3.1 4 Synthcsis of N-phcnylmalcimidc cycloadduct with N-mcthylimidazoline 
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Solutions of ethyl diazoacetate (0.8 1 g, 7.14 mmol) in DCM (I Oml) and N-phenyl-
maleimide ( 1.23 g, 7. 14 mmol) in DCM (10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 30°C to a solution of l-methyl-4,5-
dihydroimidazole (0.50 g, 5.95 mmol), 10 mol % Cu(OTf)2 (0.22 g, 0.59 mmol), 10 
mol % Yb(OTf)3 (0.37 g, 0.59 mmol) and 4 A molecular sieves in anhydrous 
dichloromethane (20 ml) under nitrogen. The solution was stirred at room 
temperature for 24 h. The reaction mixture was then di luted with dichloromethane 
(! 0 ml), washed with water (2 x 10 ml), dried over MgS04 and concentrated under 
reduced pressure to give an oil compound, which was purified by column 
chromatography (light petroleum b.p. 40-60°C:ethyl acetate, I : I with 2% of 
triethylamine) . Analysis by 'H NMR and I3C NMR spectroscopy showed that the 
desired product 187 was not fo rmed. Instead, product 178, the 2 : I cycloadduct of the 
N-phenyl maleimide and N-methyl-4,5-dihydroimidazole, was formed as a orange 
foam identified by 'H NMR spectroscopy, as shown in Scheme 112 in Chapter 4. 
The possible pyrazoline by-product of the reaction was not iso lated in this particular 
case. 
178 (0.97 g, 40%): m.p. 11 0-11 2°C. mlz (El) calcd. for C24 H22N40 4 (M+Ht 
43 1.1 719; Found: 431.17 10. Vmax (KBr, cnf' ) 17 12, 1499, 1384, 1205 and 697. Sf( 
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(400 MHz, CDCI3) 2.52 (s, 3H, NCH3), 2.72-2.83 (m, lH, NCHHCH2N), 2.88-2.92 
(m, IH, NCHHCH2N), 3. 12-3. 15 (m, 2H, NCH2CH2N), 3. 13 (d, lH, J= 19 Hz, 
CH2C=O) , 3.46 (d, IH, J=7.9 Hz, C-6H) , 3.94 (t, IH, J=7 .9 Hz, C-7ff), 4.28 (d, IH, 
J=19 Hz, CH2C=O), 4.56 (d, IH, J=7.9 Hz, C-7aH), 7.1 9-7.50 (m, 10H, CHAr). oe 
( l OO MHz, CDCI3) 33 .1 (CH2C=O), 50. 1 (NCH2CH2N), 49.7 (C-6), 51.3 (C-7), 52.9 
(NCH2CH2N), 70.1 (C-5), 88.2 (C-7a), 126.3-129.8 (CHAr), 129.8.9, 131.3, 137.6 (3 
x CAr), 17 1.7, 173.3, 174.5, 176.3 (4 x C=O). 
6.3.15 Attempted synthesis of (±) 5,6,7-tris(ethoxycarhonyl)hexahydro-1-
methyl-4-phenyl-1H-pyrrolo [1,2-0 J imidazole 
Solutions of ethyl diazoacetate (0 .25 g, 2.24 mmol) in DCM ( IOml) and diethyl 
fumarate (0.39 g, 2.24 mmol) in DCM ( 10 ml) were added simultaneously and 
dropwise over 2 h at a controlled temperature of 37°C to a solution of (R)-I-methyl-
4-phenyl-4,5-dihydroimidazole (0 .30 g, 1.87 mmol), 10 mol % Cu(OTf)2 (0.067 g, 
0.19 mmol), 10 mol % Yb(OTf)3 (0.12 g, 0.1 9 mmol) and 4 A molecular sieves in 
anhydrous dichloromethane (20 ml) under nitrogen. The solution was stirred at reflux 
for 20 h. The reaction mixture was then diluted with dichloromethane (10 ml), 
washed with water (2 x 10 ml), dried over MgS04 and concentrated under reduced 
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pressure to give an oil, which was purified by column chromatography (light 
petroleum b.p. 40-60oC:ethyl acetate, I: I with 2% of triethylamine). However, the 
IH NMR spectra of the fracti ons showed the formation of unidentified products. 
6.3.16 Synthesis of I-mcthylbenzimidazolc cycloadduct 
Me 
/ 
CX)yC02Et 
~C02Et 
Et02C 181 
Solutions of ethyl diazoacetate (0.50 g, 4.37 mmol) in DCM ( IOml) and diethyl 
fumarate (0.75 g, 4.37 mmol) in DCM (10 ml) were added simultaneously and 
dropwise over 2 h at controlled temperature of 37°C to a solution of 1-
methylbenzi midazole (0.5 g, 3.64 mmol), 10 mol % of Cu(OTf)2 (0.13 g, 0.36 
mmol), 10 mol % of Yb(OTf)3 (0.23 g, 0.36 mmol) and molecular sieves 4 A in 
anhydrous dichloromethane (20 ml) under nitrogen. The so lution was stirred at reflux 
for 20 h. The reaction mixture was then diluted with dichloromethane (10 ml), 
washed with water (2 x 10 ml), dried over MgS04 and concentrated under reduced 
pressure to give an oi l compound, which was purified by column chromatography 
(light petroleum b.p. 40-60°C:ethyl acetate, 1:1 with 2% of triethylamine) to give the 
title compound 181 as orange crystals (0.66 g, 1.71 mmol, 47%). Also iso lated was 
compound 182 (0.22 g, 0.72 mmol, 20%). 
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181 (0.66 g, 47%): m.p. 130-132°C. mlz (FA B) calcd . for C2ol-bN20 6 (M+H)+ 
389. 1713; Found: 389.1705. Vmax (KEr, cm'l ) 2980, 1741 , 1715,1659, 1614, 1584, 
1493, 1450, 1369, 1218, 1074. lil-l (400 MHz, CDCIl) 1.22-1.31 (m, 9H, 3 x 
CH2CHJ), 1.62 (s, 3H, NCHl), 4.05-4.28 (m, 6H, 3 x CH2CHl), 4.68 (d, I H, J=10.8 
Hz, CHC02Et), 4.98 (d, IH, J= 10.8 Hz, CHC02Et), 6.93-7-08 (m, 4H, CHAr) . lie 
(100 MHz, CDCb) 14.1, 14.2, 14.7 (3 x CH2CHl), 31.7 (NCHl), 53.9 (CHC02Et), 
58.4 (OCH2CHl), 60.2 (CHC02Et), 61.3, 62.1 (2 x CH2CHJ), 108.2, 108.9, 121.4, 
122.5 (CHAr), 130.4 (CAr), 138.7 (CAr), 167.7 (NC=CC02Et), 170.7, 170.8, 170.9 
(3 x C=O), 172.3 (NC=CC02Et). 
305. 1502; Found: 305.1507. Vmax (KEr, cm' l) 3406, 2982, 1737, 1732, 1650, 1633, 
1474, 1371 , 121 7, 1023. OH (400 MHz, CDCIl) 1.24-1.32 (m, 6H, 2 x CH2CHl), 1.59 
(s, 3H, NCHJ), 3.45 (s, 2H, CH2C02Et) , 4.07-4.14 (m, 2H, CH2CHJ), 4.22-4.27 (m, 
2H, CH2CHl), 5. 14 (s, I H, C=CHC02Et) , 6.93-7.26 (m, 4H, CHAr). oe (100 MHz, 
CDCb) 14.3, 14.5 (2 x CH2CHJ), 29.4 (NCHJ), 42.4 (CH2C02Et), 56.6 (C=CH) 
61.0, 62.1 (2 x CH2CHl), 114.1 , 11 4.5, 128.0, 128 .1 (CHAr), 128 .9, 129.6 (CAr), 
167.9, 172.3 (C=O), 210.7 (C=CH). 
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6.4 Experimental for Chapter 5: New method for imidazolinium ylide 
generation and subsequent intramolecular 1,3-DCA. 
6.4.1 Synthesis of allyl bromoacetate 207 
215 
A solution of bro moacetyl bromide (13.90 g, 68.87 mmol) in dichloromethane (100 
ml) was added dropwise to the cooled solution of allyl alcohol (4 g, 68.87 mlTIol), 
triethylamine (6.96 g, 68.87 mmol), and 4-dimethylaminopyridine (0. 84 g, 6.88 
mmo l) in dichloromethane (60 ml). The reaction mixture was then stirred at room 
temperature for 2 h. The precipitated sa lt was removed by filtration and the so lvent 
was evaporated under reduced pressure to yield the title compound as a thick brown-
oil (9 .77 g, mmol, 95%). No purification was undertaken. 
vOlax (KBrl cm· l ) 1734, 1279, 11 67, 988 . OH (400 MHz, CDCh) 3.87 (s, 2H, BrCH2), 
4.66 (dt, IH, j =3. 1 Hz, j =IA Hz, CHHCH=CH2), 4.68 (t, IH, j = IA Hz, 
CHHCH=CH2), 5.29 (dt, IH, j =8 Hz, j =1.4 Hz, CHH=CHCH2), 5.37 (dt, IH, 
j = 14 .3 Hz, j =1.4 Hz, CHH=CHCH2), 5.87-5 .98 (m, IH, CH2=CHCH2). Oc (lOO 
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6.4.2 Synthesis of but-3-enyl bromoacetate 207 
Br~) 
o 0 
215 
A solution of bromo acetyl bromide (10.0 g, 49.5 mmol) in dichloromethane (100 ml) 
was added dropwise to the cooled solution of 3-buten- l-ol (3.57 g, 49.5 mmol), 
triethylamine (5 .01 g, 49.5 mmol), and 4-dimethylaminopyridine (0.60 g, 4.95 
mmol). The reaction mixture was then sti rred at room temperature for 2 h. The 
precipitated salt was removed by filtration and the so lvent was evaporated under 
reduced pressure to yield the title compound as a brown-oil (7.59 g, 39.6 mmol , 
80%). No purification was undertaken. 
vmax (KBr/ cm- I) 2960, 267 1, 1736, 1643, 142 1, 1284,1211 , 11 69, 1111 , 989,920. 
OH (400 MHz, CDCI3) 2.45 (tt, 2H, J=6.4 Hz, J=1.6 Hz, CH2CH=CH2), 3.85 (s, 2H, 
BrCH2), 4.23 (t, 2H, J=6.4 Hz, OCH2), 5.13 (tt, 2H, J=9.2 Hz, J=1.6 
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6.4.3 Synthesis of allyl acrylate208 
~f o 0 
217 
A solution of acryloyl chloride (30.0 g, 331 mmol) in diethyl ether (50 ml) was 
added dropwise (caution: vigorous reaction) to a solution of all yl alcohol ( 16.04 g, 
276 mmol) and triethylamine (44.62 g, 441 mmol) in diethyl ether (50 ml) at O°C. 
The reacti on mixture was stirred at room temperature for 24 h, then poured into 
water (150 011 ) and extracted with di ethyl ether. The organic phase was then washed 
with brine (2 x 100 ml), dried over MgS04, and concentrated under reduced pressure 
to affo rd the title compound as yellow-orange oil (9.28 g, 82.8 mmol, 30%). 
vOl,x (KBr/ cm-I) 2940, 1734, 1647, 1445, 11 72, 988, 934. OH (400 MHz, CDCI) 4.66 
(t, IH, j =1.5 Hz, OCHHCH=CH2), 4.67 (t, IH, j=1.5 Hz, OCHHCH=CH2), 5.29 
(qd, 2H, j=24 Hz, j = 17.2 Hz, j =1.3 Hz, OCH2=CHCH2), 5.85 (dd, I H, j=IO.4 Hz, 
j = I.5 Hz, CHH=CHC=O), 5.90-6.00 (m, OCH2CH=CH2), 6. 13, 6. 18 (dd, IH, j = IO.4 
Hz, j = 17.2 Hz, CH2=CHC=O), 6.42, 6.46 (dd, IH, j=1.5 Hz, j = 17.2 Hz, 
CHH=CHC=O). Oc (1 00 MHz, CDCI) 65.2 (OCH2CH=CH2), 11 8.2 
130.9 132 .1 
(CH2=CHC=O), 165.8 (C=O). 
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6.4.4 Synthesis of but-3-enyl acrylatc208 
~) 
o 0 
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A solution of acryloyl chloride (30.0 g, 33 1 mmol) in diethyl ether (50 ml) was 
added dropwise (caution: vigorous reaction) to a solution of 3-buten-l-ol (19.9 g, 
276 mmol) and triethylamine (27.62 g, 44 1 mmol) in diethyl ether (50 ml) at O°C. 
The reaction mixture was stirred at room temperature for 24 h, then poured into 
water (150 ml) and extracted with diethyl ether. The organic phase was then washed 
several times with brine (2 x 100 ml), dried over MgS04, and concentrated under 
reduced pressure to afford the title compound as yellow oil (16.3 g, 129 mmol, 46%). 
Vmax (KBrl cm- I) 2974, 2600, 2494, 1737, 1642, 1434, 1397, 1251, 1188, 11 47, 988, 
920. OH (400 MHz, CDCIl) 2.35-2.46 (m, 2H, OCH2CH2CH=CH2), 4.18-4.22 (m, 
2H, OCH2CH2CH=CH2), 5.06-5 .1 4 (m, 2H, OCH2CI-hCH=CH2) , 5.76-5.84 (m, 2H, 
CHH=CHC=O, OCH2CH2CH=CH2), 6.12 (dd, IH, J=IO.4 Hz, J=17.6 Hz, 
CHI-I=CHC=O), 6.40 (dd, IH, J=1.6 Hz, J=17.6 Hz, CHH=CHC=O). oe (100 MHz, 
CDCIl) 32.9 (OCH2CH2), 63.9 (OCH2CH2), 117.3 (CH2CH=CH2), 128.4 
(CH2=CHC=O), 130.6 (CH2=CHC=O), 133.8 (CH2CH=CH2), 166.1 (C=O). 
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6.4.5 Synthesis of (E)-4-(ethoxycarbonyl)but-3-enyl ethyl fumarate 
Et0 2C,) ~ 
Iy o C02Et 
o 
221 
Method I: 
Commercially available ethyl 4-bromocrotonate (0.28 g, 1.45 mmol) was added to a 
solution of zinc monoethyl fum arate (0.51 g, 1.45 mmol) in THF (50 011) at room 
temperature. Dimethyl fonnamide (2 011) was added to the reaction mixture and it 
was heated at reflux overnight. The mixture was then filtered and the organic layer 
was evaporated under reduced pressure. 
Method 2: 
In an extraction funnel was placed a so lution of zinc monoethyl fumarate (2.5 g, 7.11 
mmol) in DCM (I S 011) and thi s was washed with hydrochloric acid (I M, 2 x 15 mI) . 
The organic extract was dried over MgS04, filtered and evaporated under reduce 
pressure to yield monoethyl fumaric acid (1.73 g, 6.02 010101, 85%), which was 
reacted wi thout further purification with ethyl 4-bromocrotonate (1.1 6g, 6.02 mmol) 
and dii sopropylethylamine (DIPEA) (0.78 g, 6.02 mmol) in THF (40 ml). The 
mixture was heated at reflux for 48 h, then concentrated under reduced pressure. The 
crude oil was partitioned between aqueous NaHC03 and diethyl ether. The organic 
extract was evaporated under reduced pressure to afford a colourless oil (1.17 g, 4.57 
mmol, 65 %). 
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Vmax (KB rl cm'l) 298 1, 172 1, 1666, 1650, 1446, 1367, 1294, 1258, 1152, 1033, 977. 
OH (400 MHz, CDC13) 1.20-1.35 (m, 6H, 2 x CH2CH3), 4.19-4.30 (m, 4H, 2 x 
Cf-hCH3), 4.88 (dd, 2H, 1= 1.9 Hz, 1=4.6 Hz, OCH2CH=CHC02Et), 6.04, 6.08 (dt, 
1H, }= 15.7 Hz, 1= 1.9 Hz, OCH2CH=CHC02Et), 6.86-7.3 1 (rn, 3H, CH=CHC=O, 
CH=CHC=O, OCH2CH=CHC02Et). 8c (100 MHz, CDCh) 14.1 5 (2 x CH2CH3), 
60.5, 60.6 (2 x CH2CH3), 122.6 (OCH2CH=CHC02Et), 132.5 (OCH2CH=CHC02Et), 
l34.2 (CH=CHC=O), 140.2 (CH=CHC=O), 164.2, 164.6, 165.5 (3 x C=O). 
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APPENDIX I: X-ray crystal structure of the borane complex of the 1-(2-
benzylaminoethyl)-2,3,4-tris(methoxycarbonyl)-2-
methoxycarbonylmethyl pyrrolidine 
NI 
127 
Table 1: Crystal data and structure refinement for 127 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.00° 
Absorption correction 
Max. and min. tTansmission 
Refinement method 
C22 H33 B 208 
464.3 I 
150(2) K 
0.7 1073 A 
Monoclinic 
P2(1)/n 
a = 90°. a = 10.5204(7) A 
b = 11.1 699(7) A 
c = 20.9582(14) A 
24 17.8(3) A3 
~= 100.9790(10)°. 
Y = 90°. 
4 
1.276 Mglm3 
0.096 mm-I 
992 
0.65 x 0.24 x 0.23 mm3 
1.98 to 28.58° 
-14<=11<= 13, - I 4<=k<= 1 5, -27<=1<=27 
19901 
5635 [R(int) = 0.0237] 
100.0 % 
Multiscan 
1.000000 and 0.908621 
Full -matrix least-squares on F2 
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Data / restraints / parameters 5635 / 0 / 298 
Goodness-oF-fit on F2 1.0 15 
Final R indices [1>2sigma(I)) RI = 0.0408, wR2 = 0.0963 
R indices (al\ data) R I = 0.06 17, wR2 = 0. 1074 
Largest diff. peak and hole 0.294 and -0.218 e.A-3 
Table 2: Atomic coordinates ( x 104) and equivalent isotropic disp lacement 
parameters (A2x 103) for 127. U(eq) is defined as one third of the trace of the 
orthogonalized uij tensor 
x y z U(eq) 
CCI) 8567(2) 6397(2) -1 793(1) 37( 1) 
C(2) 9892(2) 6297(2) -1 765(1) 46( 1) 
C(3) 10437(2) 52 13(2) -1883(1) 47(1 ) 
C(4) 9659(2) 4223(2) -2026(1) 43(1) 
C(5) 8332(2) 4315(2) -2050(1 ) 35(1 ) 
C(6) 7771(2) 540 I (I ) -1937(1) 29( 1) 
C(7) 6324(2) 550 1 (2) -1994(1) 32(1 ) 
N(I ) 59 13(1) 60 13(1) -1404(1) 25( 1) 
B(I) 4380(2) 6290(2) -1 548(1 ) 38(1) 
C(9) 6339(1) 5230(1 ) -825(1 ) 26(1) 
CC IO) 6337( 1) 59 18(1) -201(1) 24( 1) 
N(2) 7346(1) 6844(1) -1 06(1 ) 2 1( 1) 
CC II ) 8622(1) 6402(1) 2 12(1 ) 25(1 ) 
C(12) 94 12( 1) 7535(1) 436(1 ) 22(1) 
CC 13) 10371(1) 7819( I) I ( I) 24(1) 
0( 1) 10244(1 ) 8571(1) -41 4(1 ) 42(1) 
0(2) 11399(1) 7093(1) 140(1 ) 31 ( I) 
C( 14) 12394(2) 7262(2) -245(1 ) 33(1) 
C(15) 84 10(1) 8539(1 ) 421(1 ) 22(1) 
C( 16) 86 14(1) 9260(1 ) 1043(1) 25( 1) 
0(3) 9585( I) 9272(1 ) 1453(1) 35( 1) 
0(4) 7552( 1) 99 16(1) 1073(1) 30( 1) 
C( 17) 76 17(2) 10609(2) 1662(1 ) 43( 1) 
C( 18) 7056( I) 7942(1) 227(1) 2 1 ( I) 
C( 19) 6447( I) 7638(1) 823( I) 23(1 ) 
0(5) 5303( I) 76 11 (1) 816(1) 34(1 ) 
0(6) 7348(1) 7360(1) 1343(1) 27( 1) 
C(20) 6871(2) 7203(2) 1943(1) 35( 1) 
C(2 1) 6066(1) 8731(1) -222(1) 26( 1) 
C(22) 6529(1) 9163(1) -821(1) 25( 1) 
0(7) 6627(1) 8562(1) -1 286(1) 37(1 ) 
0(8) 6804(1) 10328( 1) -780(1 ) 35( 1) 
C(23) 7179(2) 10857(2) -1348(1 ) 44(1 ) 
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Table 3: Bond lengths lA) and angles [0) for 127 
C(I)-C(2) 
C(1)-C(6) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(S) 
C(S)-C(6) 
C(6)-C(7) 
C(7)-N(I) 
N(I)-C(9) 
N( I)-B(I) 
C(9)-C(10) 
C( 10)-N(2) 
N(2)-C( II ) 
N(2)-C(18) 
C(II )-C(l2) 
C( 12)-C( 13) 
C(12)-C(IS) 
C( 13)-0(1) 
C( 13)-0(2) 
0(2)-C(14) 
C( IS)-C( 16) 
C( IS)-C( 18) 
C( 16)-0(3) 
C(1 6)-0(4) 
0(4)-C( 17) 
C( 18)-C(2 1) 
C( 18)-C( 19) 
C( 19)-0(S) 
C(19)-0(6) 
0(6)-C(20) 
C(2 1 )-C(22) 
C(22)-0(7) 
C(22)-0(8) 
0(8)-C(23) 
C(2)-C(1 )-C( 6) 
C(3)-C(2)-C( I) 
C( 4 )-C(3 )-C(2) 
C(3)-C( 4)-C(S) 
C( 6)-C( S)-C( 4) 
C( S)-C( 6)-C( I ) 
C(S)-C(6)-C(7) 
1.389(3) 
1.391 (2) 
1.382(3) 
1.37S(3) 
1.391 (2) 
1.388(2) 
I .S09(2) 
1.499 1(18) 
1.4940( 19) 
1.6 14(2) 
I .S I 8(2) 
1.4673( 18) 
1.4666( 18) 
1.4730(17) 
I. S36(2) 
I. SI7S( 19) 
I .S3S3(19) 
1.1 98 1(18) 
1.3384(17) 
I .4S I2(18) 
1.5 121(19) 
I. SS48(19) 
1.2026(18) 
1.3483(18) 
1.4467(1 8) 
I. S41 0(19) 
I. S449(19) 
1.20 \3(17) 
1.3388(17) 
1.4489( 17) 
I. S08(2) 
1.20S0(l7) 
1.331 8(18) 
I .4S02(19) 
120. 19(17) 
120.67(18) 
11 9.S9( 17) 
120.00( 17) 
120.98(17) 
11 8.S6(1S) 
120.4S(15) 
C( I )-C( 6)-C(7) 
N(I )-C(7)-C( 6) 
C(9)-N(1 )-C(7) 
C(9)-N(1 )-B( I) 
C(7)-N( I)-B( I) 
N( I )-C(9)-C(1 0) 
N(2)-C( I 0)-C(9) 
C( 11 )-N(2)-C( I 0) 
C( ll )-N(2)-C(18) 
C(10)-N(2)-C( 18) 
N(2)-C( 11 )-C(l2) 
C( I 3)-C(I2)-C( 15) 
C(13)-C(12)-C( II ) 
C( IS)-C(12)-C( II ) 
O( I )-C( \3 )-0(2) 
0(1 )-C( 13)-C(1 2) 
0(2)-C( 13)-C(1 2) 
C( 13)-0(2)-C( 14) 
C( 16)-C( IS)-C(12) 
C( 16)-C( IS)-C(18) 
C( 12)-C( IS)-C(18) 
0(3)-C(16)-0(4) 
0(3)-C(16)-C(1 S) 
0(4 )-C( I 6)-C(1 S) 
C(16)-0(4)-C(17) 
N (2)-C( 18)-C(2 1 ) 
N(2)-C(18)-C(19) 
C(2 1 )-C( 18)-C( 19) 
N(2)-C(18)-C(1S) 
C(2 1 )-C(18)-C(IS) 
C( 19)-C( 18)-C( IS) 
0(S)-C(19)-0(6) 
O( S)-C( 19)-C(1 8) 
O( 6)-C( 19)-C( 18) 
C( 19)-0( 6)-C(20) 
C(22)-C(2 1)-C(18) 
0(7)-C(22)-0(8) 
0(7)-C(22)-C(2 1) 
0(8)-C(22)-C(2 1) 
C(22)-0(8)-C(23) 
AppelltlL< I 
120.95(1S) 
I 14.03(12) 
11 0.98( 11 ) 
11 3.44(12) 
110.7 1(12) 
11 0.70( 12) 
11 0.74(1 1) 
11 3.64(1 1) 
I 08.S6( 11 ) 
11 6.20(1 1) 
104.92(1 1) 
I II.S6(1 I) 
111.77(12) 
105.45( 11 ) 
123.82(13) 
126.03(13) 
11 0. 14(12) 
116.0 1(12) 
11 2.80(1 1) 
11 5.24(1 1) 
106.46(1 1 ) 
124.00(13) 
12S.69(14) 
11 0.29(12) 
I IS.16(13) 
111.28(1 1) 
11 0.8 1(1 1) 
106.48(1 1 ) 
102.67(10) 
1\3.1 8(1 1) 
11 2.S3(1 1) 
123.70(13) 
124.46(13) 
11 1.79(12) 
II S.24( 12) 
11 3.8 1(1 1) 
123.04(14) 
12S.87(14) 
111.07(12) 
II S.80(12) 
2S7 
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Table 4: Anisotropic displacement parameters (j\2x 103) for 127. The 
anisotropic displacement factor exponent takes the form: -21t2[ h2 a*2Ull + ... 
+ 2 h k a* b* U12] 
U 11 U22 U33 U23 U J3 U 12 
C(1) 39( 1) 39(1) 35( 1 ) -4(1 ) 12(1) I ( 1) 
C(2) 38( 1 ) 59(1 ) 43( 1 ) -2(1 ) 10( 1 ) -1 3( 1) 
C(3) 30( 1) 76(1) 35(1) 7(1) 10(1 ) 10(1 ) 
C(4) 41 ( 1) 53(1) 37(1 ) 4(1) 12(1) 18(1) 
C(5) 39(1) 37(1) 30(1 ) -1 (I) 10(1 ) 5(1) 
C(6) 31 ( 1) 38(1) 17(1) -2(1) 6(1) 3( 1) 
C(7) 30(1 ) 41 (I) 23(1) -9(1 ) 3(1) 3( 1) 
N( I ) 25( 1) 28(1 ) 22(1 ) -3 (1 ) 3(1 ) 2(1 ) 
B(I) 26( 1) 48(1) 37(1) -9(1) -1 (1) 8( 1) 
C(9) 27(1) 25(1) 27(1) - 1 (I) 6( 1) - 1(1) 
C(lO) 23( 1) 27(1) 24(1) 1 ( I) 7(1) -2( 1) 
N(2) 19( 1 ) 22(1 ) 22(1) - I (I) 5(1) 2(1) 
C( II ) 22( 1) 23(1 ) 32(1 ) 4(1 ) 5( 1 ) 3( 1) 
C(12) 20(1 ) 24(1) 2 1(1) 2(1) 4( 1) 2( 1) 
C( J3) 2 1 ( 1) 26(1 ) 25(1) 0(1) 4(1) 0( 1) 
0( 1) 38( 1) 46(1 ) 47(1) 21 ( 1) 22(1) 12( 1 ) 
0(2) 23( 1) 35(1) 38(1 ) 7(1 ) 12(1 ) 6( 1) 
C(14) 24( 1) 40(1) 40(1) 3(1 ) 15(1 ) 4( 1) 
C(15) 22( 1) 23(1) 19( 1) 2(1) 5( 1) 1(1) 
C(16) 30(1 ) 23(1 ) 24(1) 2(1) 7(1) -3(1) 
0 (3) 33( 1) 42(1) 28(1) -4(1) -1 ( 1) -6( 1) 
0(4) 38( 1 ) 27(1) 26(1 ) -6(1) 9(1 ) 3(1) 
C( 17) 63( 1) 35(1 ) 32(1) - 13( 1) 14(1) 2( 1) 
C(18) 20( 1) 24(1 ) 19(1 ) - 1 (I) 4(1 ) 3(1 ) 
C(19) 23( 1) 26(1 ) 2 1 (I) -3(1) 5(1 ) 0( 1) 
0(5) 23( 1) 53( 1 ) 28(1) -1 ( 1) 9(1 ) 0(1 ) 
0(6) 27( 1) 34(1) 2 1 ( I ) 5(1 ) 5(1 ) -2( 1) 
C(20) 41 ( 1) 46(1 ) 20(1 ) 3(1) 8(1 ) -10( 1 ) 
C(2 1) 24( 1) 29(1 ) 23(1) 0(1) 4(1 ) 8( 1 ) 
C(22) 24( 1 ) 25(1) 24(1) 1( 1) -1 (1) 7(1) 
0(7) 59(1) 28(1 ) 24(1) -1 (I) 11 (1) 3(1) 
0(8) 54(1) 26(1) 26(1) 0(1) 5(1) - 1(1) 
C(23) 63( 1) 36(1 ) 32(1) 5(1 ) 9( 1) -11 ( 1) 
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Table 5: Hydrogen coordinates ( x 104) and isotropic disp lacement parameters 
(A2x 10 3) for 127 
x y z U(eq) 
H(I) 8203 7148 -1713 44 
H(2) 10430 698 1 -1 664 56 
H(3) 11 344 5153 -1865 56 
H(4) 10027 3475 -2108 52 
H(5) 7802 3625 -2145 42 
H(7A) 5975 6012 -2373 38 
H(7B) 5936 4695 -2079 38 
H(IA) 4164 6808 -1931 57 
H(IB) 4145 6693 -11 71 57 
H(IC) 3898 5537 -1 629 57 
H(9A) 7221 4924 -827 31 
H(9B) 5748 4534 -847 31 
H(1OA) 5480 6297 -219 29 
H(10B) 6490 5359 172 29 
H(IIA) 9032 5937 -97 30 
H(11 B) 8550 5887 588 30 
H(12) 9889 7420 892 26 
H(14A) 13098 6689 -1 06 50 
H(14B) 12735 8079 -184 SO 
H(14C) 12023 7132 -70S 50 
H(14D) 12139 79 11 -557 50 
H(14E) 12502 652 1 -479 50 
H(14F) 13214 7468 42 50 
H(15) 8515 9098 63 26 
H(17A) 6810 11 059 1640 64 
H(17B) 8347 111 68 1708 64 
H(17C) 7739 10069 2037 64 
H(20A) 7592 6990 2293 53 
H(20B) 6223 6562 1887 53 
H(20C) 6475 795 1 2052 53 
H(2 IA) 5257 8269 -359 31 
H(21 B) 5860 9435 27 31 
H(23A) 7364 11710 -1269 66 
H(23B) 6473 10765 -1 724 66 
H(23C) 7956 10453 -1435 66 
H(IN) 6300 6782 -1 324 50 
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Table 6: Torsion angles 10J for 127 
C(6)-C( I )-C(2)-C(3) 0.4(3) 
C( I )-C(2)-C(3)-C( 4) -0.3(3) 
C(2)-C(3)-C(4)-C(S) -0.1 (3) 
C(3)-C(4)-C(5)-C(6) 0.6(3) 
C(4)-C(S)-C(6)-C( I) -0.6(2) 
C(4)-C(S)-C(6)-C(7) 177.19(15) 
C(2)-C(1 )-C(6)-C(S) 0.1 (2) 
C(2)-C( 1)-C(6)-C(7) -177.65(15) 
C(5)-C(6)-C(7)-N(I) 126.28( 15) 
C( I )-C(6)-C(7)-N( I) -56.0(2) 
C(6)-C(7)-N( I )-C(9) -62.34( 17) 
C(6)-C(7)-N( I )-8(1) 170.76(14) 
C(7)-N(I)-C(9)-C(10) 160.98(12) 
8(1 )-N( I )-C(9)-C(1 0) -73.64(15) 
N( I )-C(9)-C(1 0)-N(2) -67.75(15) 
C(9)-C(10)-N(2)-C( II ) -85.21(14) 
C(9)-C(10)-N(2)-C(18) 147.73(12) 
C(10)-N(2)-C( II )-C(l2) -164.37(11) 
C( 18)-N(2)-C( II )-C(l2) -33.43(14) 
N(2)-C( II )-C( 12)-C( 13) -104.02(13) 
N(2)-C( II )-C( 12)-C(15) 17.39( 14) 
C( IS)-C(12)-C( 13)-0(1) -15 .7(2) 
C( 11 )-C(12)-C( 13)-0(1) 102. 13(17) 
C( IS)-C(12)-C( 13)-0(2) 16S.00(12) 
C( 11 )-C(12)-C( 13)-0(2) -77.20(14) 
0(1)-C(13)-0(2)-C(14) 0.2(2) 
C( 12)-C(13)-0(2)-C(14) 179.60(12) 
C( 13)-C(12)-C( 15)-C(16) -I 07.83( 13) 
C( 11 )-C(12)-C(15)-C(16) 130.63(12) 
C( 13)-C(12)-C( 15)-C( 18) 124.83(12) 
C( II )-C( 12)-C(15)-C(18) 3.30(14) 
C( 12)-C( IS)-C( 16)-0(3) 16.4(2) 
AppelldL, I 
C(18)-C( IS)-C( 16)-0(3) 138.92( IS) 
C(12)-C( IS)-C(16)-0( 4) -164.69( 11) 
C(18)-C( IS)-C(16)-0(4) -42.I S( 16) 
0(3)-C(16)-0(4)-C(17) -3.4(2) 
C( IS)-C( 16)-0(4)-C(17) 177.64(12) 
C( 11 )-N(2)-C(18)-C(2 1) IS6.22(1 1) 
C( 10)-N(2)-C(18)-C(2 1) -74.24( 15) 
C( 11 )-N(2)-C(18)-C( 19) -8S .SI (13) 
C( I 0)-N(2)-C(18)-C( 19) 44.03( IS) 
C( II )-N(2)-C(18)-C( IS) 34.86(13) 
C(10)-N(2)-C(18)-C( IS) 164.39( 11 ) 
C(16)-C( IS)-C(IS)-N(2) -148.35(11) 
C(12)-C( IS)-C(18)-N(2) -22.4S(13) 
C(16)-C( IS)-C(IS)-C(2 1) 9 1.S9( 14) 
C(12)-C( 15)-C(18)-C(2 1) -142.54( 11 ) 
C(16)-C( IS)-C(18)-C(19) -29.18( 16) 
C(12)-C( IS)-C(18)-C( 19) 96.69( 13) 
N(2)-C(IS)-C(19)-0(5) -9S.20(17) 
C(2 1)-C( 18)-C(19)-0(5) 2S.96(19) 
C( 15)-C( IS)-C(19)-0(5) IS0.S0(14) 
N(2)-C( IS)-C( 19)-0(6) 82.31(14) 
C(2 1 )-C( IS)-C(19)-0(6) -IS6.S4(12) 
C( 15)-C( IS)-C(19)-0(6) -32.00(16) 
0(5)-C( 19)-0(6)-C(20) -9.5(2) 
C( IS)-C( 19)-0(6)-C(20) 172.93(12) 
N(2)-C(IS)-C(21)-C(22) -61.74(16) 
C(19)-C( IS)-C(2 1 )-C(22) 177.41 (12) 
C(15)-C(IS)-C(2 1)-C(22) 53.27(16) 
C( 18)-C(2 1)-C(22)-0(7) 73.37(19) 
C( 18)-C(21 )-C(22)-0(8) -1 07.82(14) 
0(7)-C(22)-0(S)-C(23) 2.7(2) 
C(21 )-C(22)-0(S)-C(23) -1 76. 17(13) 
Table 7: Hydrogen bonds for 127 lA and 0J 
D-H ... A d(D-H) d(H ... A) d(D ... A) <(DHA) 
N(I)-H(IN) .. . O(7) 0.9S 2.02 2.9423(17) 163.9 
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APPENDIX U: X-ray crysta l structure of N-methyl maleimide cycloadduct 
172 
T able 1. Crystal da ta and structure r efinement for 172 
Empirical fom1u la 
Fonnula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Crystal description 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 22.50° 
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(l)] 
C20 H22 404 
382.42 
150(2) K 
0.84640 A 
Monoclinic 
a = 90°. 
P2(1)/c 
a = 6.561(3)A 
b =9. 171(4)A 
c = 32.072(13) A 
1923.4(14) A3 
~= 94.608(6)°. 
Y = 90°. 
4 
1.321 Mglm3 
0.094 mm- I 
808 
0.02 x 0.05 x 0 .09 mm3 
colourless plate 
3.71 to 22.50° 
-5<=h<=5, -8<=k<=8, -28<=1<=28 
6398 
1480 [R(int) = 0. 1271] 
99.6 % 
one 
Full-matrix least-squares on F2 
1480 / 0 / 256 
1.139 
RI = 0.0834, wR2 = 0.2070 
261 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 
RI = 0.1062, wR2 = 0.2 177 
0.009(2) 
0.273 and -0.254 e.A-3 
Appemlix 11 
Table 2: Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (A2x 103) for 172. U(eq) is defined as one tbird of tbe trace of tbe 
ortbogonalized Uij tensor 
x y z U(eq) 
C( I) 941(13) 6779(9) 6005(3) 33(3) 
N(I) 1702(11) 6732(8) 6440(3) 40(2) 
C(2) 2966(15) 8026(1 1) 6508(3) 51 (3) 
C(3) 4044(15) 81 13(10) 6102(3) 51 (3) 
N(2) 23 10(10) 7749(7) 5790(2) 32(2) 
C(4) 2769(13) 7093(9) 5396(3) 3 1 (2) 
C(5) 1077(17) 756 1(9) 5079(3) 30(2) 
0(1) -734(10) 7292(6) 5087(2) 41 (2) 
N(3) 1878(12) 8383(7) 4774(2) 28(2) 
C(6) 676(14) 9058(10) 4433(3) 43(3) 
C(7) 4001(16) 8394(9) 4824(3) 32(3) 
0(2) 50 18(9) 90 11 (7) 4577(2) 44(2) 
C(8) 4703(13) 7640(9) 52 13(3) 35(3) 
C(9) 2554(12) 5408(9) 5468(3) 32(3) 
C(10) 4401(15) 4673(9) 5667(3) 29(2) 
0(3) 6126(10) 4622(6) 5554(2) 41 (2) 
N(4) 3876(12) 3945(8) 6020(3) 35(2) 
C( II ) 5234(15) 3020(10) 6276(3) 49(3) 
C(12) 1818( 15) 4126( I 0) 608 1 (3) 33(3) 
0(4) 964(10) 3449(7) 6338(2) 49(2) 
C(13) 975(12) 5259(10) 5781 (3) 32(2) 
C(14) 192(15) 6572( 11 ) 6735(3) 54(3) 
C(15) 1093(17) 6221(11 ) 7170(3) 48(3) 
C(16) 2839(19) 5360(12) 7229(4) 64(3) 
C(17) 3680(20) 5026(12) 76 18(5) 76(4) 
C(18) 2780(20) 5470(14) 7967(4) 78(4) 
C(19) 1070(30) 63 11 (14) 79 17(4) 81(4) 
C(20) 240(20) 67 13(13) 7520(4) 79(4) 
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Table 3: Bond lengths [AI and angles 1°1 for 172 
C(I)-N( I) 
C( I )-N(2) 
C(I)-C(13) 
N( I)-C(14) 
N( I)-C(2) 
C(2)-C(3) 
C(3)-N(2) 
N(2)-C(4) 
C(4)-C(5) 
C(4)-C(8) 
C(4)-C(9) 
C(5)-0( 1) 
C(5)-N(3) 
N(3)-C(7) 
N(3)-C(6) 
C(7)-0(2) 
C(7)-C(8) 
0(2)-C(7)# I 
C(9)-C(10) 
C(9)-C(13) 
C( 10)-0(3) 
C( 10)-N(4) 
N(4)-C( 12) 
N(4)-C( II ) 
C( 12)-0(4) 
C( I2)-C(13) 
C( 14)-C( 15) 
C(15)-C(20) 
C( 15)-C( 16) 
C( 16)-C( I 7) 
C( I 7)-C( 18) 
C( 18)-C( I 9) 
C( 19)-C(20) 
N( I)-C( I)-N(2) 
N( I)-C( I)-C(13) 
N(2)-C(1 )-C(13) 
C(14)-N( I)-C( I) 
C( 14)-N( I)-C(2) 
C( I )-N( I )-C(2) 
N( I )-C(2)-C(3) 
N(2)-C(3)-C(2) 
C(4)-N(2)-C(I) 
C(4)-N(2)-C(3) 
1.443(11) 
1.4 73( I 0) 
1.569(12) 
1.433( 11) 
1.454( 12) 
1.533(13) 
1.49 1(1 1) 
1.453(10) 
1.506(12) 
1.525(1 1) 
1.571(12) 
1.216( I 0) 
1.372(11) 
1.389(11) 
1.436( 10) 
1.2 17(10) 
1.468(12) 
3.094(10) 
1.484(12) 
1.507( 11 ) 
1.217(9) 
1.383(1 1) 
1.389(1 1 ) 
1.439(1 1) 
1.206(10) 
1.491 (12) 
1.506( 13) 
1.368(14) 
1.392(14) 
1.357(14) 
1.365(15) 
1.364(16) 
1.395( 16) 
107.0(7) 
11 3.5(7) 
107.0(6) 
11 6.0(8) 
11 3.6(8) 
105.7(7) 
102.2(7) 
100.2(7) 
109.5(7) 
118.4(7) 
C(1)-N(2)-C(3) 
N(2)-C( 4)-C(5) 
N(2)-C( 4)-C(8) 
C( 5)-C( 4 )-C(8) 
N(2)-C( 4)-C(9) 
C( 5)-C( 4)-C(9) 
C(8)-C( 4)-C(9) 
0(1 )-C(5)-N(3) 
0(1)-C(5)-C(4) 
N(3)-C(5)-C( 4) 
C(5)-N(3)-C(7) 
C(5)-N(3)-C(6) 
C(7)-N(3)-C(6) 
0(2)-C(7)-N(3) 
0(2)-C(7)-C(8) 
N(3)-C(7)-C(8) 
C(7)-0(2)-C(7)# I 
C(7)-C(8)-C( 4) 
C( I 0)-C(9)-C( 13) 
C( I 0)-C(9)-C( 4) 
C( 13)-C(9)-C(4) 
0(3)-C(1 O)-N( 4) 
0(3)-C( I 0)-C(9) 
N( 4)-C(1 0)-C(9) 
C(10)-N(4)-C(12) 
C( 10)-N(4)-C( II ) 
C(12)-N(4)-C( II ) 
0(4)-C(12)-N(4) 
0(4)-C(12)-C(13) 
N(4)-C(12)-C(13) 
C(12)-C(13)-C(9) 
C( 12)-C(13)-C( I) 
C(9)-C( 13 )-C( I) 
N(1 )-C(14)-C( 15) 
C(20)-C(15)-C( 16) 
C(20)-C(15)-C(14) 
C(16)-C(15)-C(14) 
C( 17)-C( 16)-C( 15) 
C( 16)-C( 17)-C( 18) 
C( 19)-C( 18)-C( 17) 
C(18)-C(19)-C(20) 
C(15)-C(20)-C(19) 
Symmetry transformations used to generate equivalent atoms: 
# I -x+ I ,-y+2,-z+ I 
AppellllLt 1/ 
106.4(7) 
106.0(7) 
11 5.8(7) 
103.7(7) 
104.7(7) 
108.0(7) 
11 7.9(7) 
123.8(9) 
126.7(9) 
109.5(8) 
I 11.1 (8) 
124.2(8) 
124.6(8) 
121.7(9) 
128.5(9) 
109.7(9) 
92.9(6) 
105.6(7) 
104.6(7) 
11 5.4(7) 
105.2(7) 
12 1.6(8) 
129.5(9) 
108.9(8) 
I 11.4(8) 
124.7(8) 
123.7(8) 
123.0(9) 
129.1 (9) 
107.9(8) 
104.7(7) 
11 0. 1(7) 
105. 1(7) 
11 3.2(8) 
11 7.5( 10) 
122.1 ( 11 ) 
120.3(9) 
12 1.5(11 ) 
121.0( 12) 
118.6(12) 
120.8(11) 
120.4( 12) 
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Table 4: Anisotropic displacement parameters (A2x 103) for 172. T he 
anisotropic displacement factor exponent takes the form : -2n2, b2 a*2UIl + ... 
+ 2 h k a* b* UI2] 
ull U22 U33 U23 UI3 U l 2 
C( I) 17(5) 35(6) 51 (8) -6(6) 15(5) 4(5) 
N( I) 42(5) 36(5) 45(6) -7(4) 12(5) 4(4) 
C(2) 56(7) 43(7) 54(8) -8(6) 4(6) 8(6) 
C(3) 62(7) 34(6) 56(7) -7(5) -2(6) -2(5) 
N(2) 20(5) 25(5) 52(5) -3(4) 10(4) 2(4) 
C(4) 22(6) 24(6) 48(7) -8(5) 7(6) 3(5) 
C(5) 26(8) 24(6) 42(7) -2(5) 14(6) -3(5) 
0( 1) 13(4) 44(4) 66(5) 3(3) 7(3) -I (3) 
N(3) 16(6) 26(5) 42(5) 3(4) 4(4) 3(4) 
C(6) 49(7) 30(6) 49(7) 6(5) -1 (6) 0(5) 
C(7) 29(8) 14(6) 54(8) -9(6) 14(6) 4(5) 
0(2) 34(4) 42(4) 57(5) 0(4) 14(4) -5(3) 
C(8) 28(6) 27(6) 50(7) 4(5) 8(5) -9(5) 
C(9) 16(6) 30(6) 50(6) -8(5) 11(5) -3(5) 
C(IO) 6(7) 24(6) 58(8) -13(6) 5(6) 1(5) 
0(3) 2 1(4) 30(4) 71(5) 0(3) 3(4) 5(3) 
N(4) 20(6) 33(5) 54(6) 14(5) 7(4) 8(4) 
C( II ) 57(7) 32(6) 59(7) 4(6) 8(6) 7(6) 
C( 12) 34(8) 17(6) 49(7) 4(6) 8(6) 1(5) 
0(4) 59(5) 32(4) 56(5) 6(4) 14(4) -7(4) 
C( 13) 16(6) 39(6) 44(6) 2(6) 13(5) -4(5) 
C( 14) 58(7) 53(7) 54(8) -2(6) 27(7) 19(6) 
C(15) 57(8) 51(7) 37(8) -4(6) 18(6) 2(6) 
C( 16) 91 (1 0) 59(8) 42(9) -I (6) 10(7) 28(7) 
C( 17) 113( 11) 56(8) 57(9) -2(8) 7(9) -2(7) 
C( 18) 11 4( 12) 55(9) 64( 11 ) -7(8) 5(9) -1 (8) 
C(19) 145( 13) 61 (9) 43(10) -23(7) 37(8) 9(9) 
C(20) I 05( I 0) 82(10) 54(9) -7(8) 32(8) 12(8) 
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Table 5: Hydrogen coordinates ( x 104) and isotropic displacement parameters 
(A2x 10 3) for 172 
x y z U(eq) 
H(l) -480 7181 5979 40 
H(2A) 3962 7909 6754 61 
H(2B) 2121 8903 6546 61 
H(3A) 4588 9102 6056 61 
H(3B) 5166 7392 6098 61 
H(6A) 816 8501 4176 64 
H(6B) 1156 10058 4396 64 
H(6C) -764 9075 4494 64 
H(8A) 5461 8318 5410 42 
H(8B) 5610 68 14 5155 42 
H(9) 2080 4910 5200 38 
H(IIA) 4728 2923 6554 74 
H(IIB) 6605 3452 6303 74 
H(IIC) 5294 2056 6146 74 
H(13) -397 4983 5646 39 
H(14A) -765 5784 6639 64 
H(14B) -603 7487 6744 64 
H(l6) 3458 4999 6992 76 
H(17) 4908 4475 7649 91 
H(18) 3345 5198 8238 94 
H(19) 428 6628 8157 98 
H(20) -924 7333 749 1 95 
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Table 6: Torsion angles [0) for 172 
N(2)-C( I )-N( I )-C(14) 
C( 13)-C( I )-N(I )-C(14) 
N(2)-C( I )-N( I )-C(2) 
C( 13)-C(1 )-N( I)-C(2) 
C( 14)-N( 1 )-C(2)-C(3) 
C( I )-N( I )-C(2)-C(3) 
N( I )-C(2)-C(3)-N(2) 
N( I )-C( I )-N(2)-C(4) 
C( 13)-C( 1 )-N(2)-C(4) 
N( I )-C( I )-N(2)-C(3) 
C( 13)-C( 1 )-N(2)-C(3) 
C(2)-C(3)-N(2)-C(4) 
C(2)-C(3)-N(2)-C( I) 
C( I )-N(2)-C(4)-C(S) 
C(3)-N(2)-C( 4)-C(S) 
C( I )-N(2)-C( 4)-C(8) 
C(3)-N(2)-C( 4)-C(8) 
C( I )-N(2)-C(4)-C(9) 
C(3)-N(2)-C(4)-C(9) 
N(2)-C(4)-C(S)-0(1) 
C(8)-C( 4)-C(5)-0(1) 
C(9)-C( 4 )-C( 5)-0( I) 
N(2)-C( 4)-C(5)-N(3) 
C(8)-C(4)-C(5)-N(3) 
C(9)-C( 4)-C(5)-N(3) 
0(1 )-C(5)-N(3)-C(7) 
C( 4)-C(S)-N(3)-C(7) 
0(1 )-C(S)-N(3)-C(6) 
C( 4)-C(S)-N(3)-C(6) 
C(5)-N(3)-C(7)-0(2) 
C(6)-N(3)-C(7)-0(2) 
C(5)-N(3)-C(7)-C(8) 
C(6)-N(3)-C(7)-C(8) 
N(3)-C(7)-0(2)-C(7)# I 
C(8)-C(7)-0(2)-C(7)# I 
0(2)-C(7)-C(8)-C( 4) 
N(3)-C(7)-C(8)-C( 4) 
N(2)-C( 4)-C(8)-C(7) 
C( 5)-C( 4 )-C(8)-C(7) 
C(9)-C( 4 )-C(8)-C(7) 
N(2)-C(4)-C(9)-C(10) 
147.2(7) 
-9S.0(9) 
20.4(8) 
138. 1(7) 
-1 67.3(8) 
-39.0(8) 
41.8(8) 
136.2(7) 
14.2(9) 
7.2(8) 
-114.8(7) 
-153.5(7) 
-29.8(8) 
86.9(8) 
-150.9(7) 
-IS8 .6(7) 
-36.S(IO) 
-27.1(8) 
95.0(8) 
-6 1.4( 10) 
176.1 (8) 
SO.3(11) 
117.5(7) 
-5.0(8) 
-130.8(7) 
-174.4(7) 
6.7(9) 
1.7(12) 
-177.2(7) 
176.9(8) 
0.9(12) 
-S.6(9) 
178.3(7) 
104.1(7) 
-72.7(8) 
179.4(8) 
2.2(9) 
-I 14.1 (8) 
1.6(8) 
120.8(8) 
-8S.0(8) 
C(S)-C(4)-C(9)-C(10) 
C(8)-C( 4 )-C(9)-C( I 0) 
N(2)-C( 4)-C(9)-C( 13) 
C(S)-C(4)-C(9)-C( 13) 
C(8)-C( 4 )-C(9)-C( 13) 
C( 13)-C(9)-C(1 0)-0(3) 
C( 4)-C(9)-C(I 0)-0(3) 
C( 13)-C(9)-C(10)-N(4) 
C(4)-C(9)-C(10)-N(4) 
0(3)-C(10)-N(4)-C(l2) 
C(9)-C( I O)-N( 4)-C( 12) 
0(3)-C(1 O)-N( 4)-C( 11 ) 
C(9)-C(1 0)-N(4)-C(II) 
C(10)-N(4)-C(12)-0(4) 
C( 11 )-N(4)-C(12)-0(4) 
C(10)-N(4)-C(12)-C(13) 
C( 11 )-N(4)-C(12)-C(I3) 
O( 4)-C( 12)-C(13)-C(9) 
N(4)-C(12)-C(13)-C(9) 
0(4)-C(12)-C(13)-C( 1) 
N( 4)-C(12)-C(\3)-C( I) 
C( I 0)-C(9)-C(13)-C( 12) 
C(4)-C(9)-C(13)-C(12) 
C( I 0)-C(9)-C( \ 3)-C(1) 
C(4)-C(9)-C(13)-C(1) 
N(I )-C(\ )-C(13)-C( 12) 
N(2)-C(1 )-C(13)-C( 12) 
N( I )-C( 1 )-C(13)-C(9) 
N(2)-C( \ )-C(13)-C(9) 
C(1)-N(1 )-C(14)-C(I 5) 
C(2)-N(1 )-C(14)-C( IS) 
N( I )-C( 14 )-C( \ 5)-C(20) 
N(I )-C(14)-C( IS)-C(16) 
C(20)-C(I 5)-C( \6)-C( 17) 
C( 14 )-C( 15)-C( 16)-C( 17) 
C( I 5)-C( I 6)-C( \ 7)-C( 18) 
C( 16)-C(l7)-C( I 8)-C(I 9) 
C(17)-C(18)-C(19)-C(20) 
C(16)-C( IS)-C(20)-C(19) 
C( 14 )-C( IS)-C(20)-C( 19) 
C(18)-C( 19)-C(20)-C( \ 5) 
Symmetry transformations used to generate equivalent atoms: 
# I -x+ I ,-y+2,-z+ I 
Appendix 11 
162.3(8) 
4S.3(1I) 
29.7(9) 
-82.9(9) 
160.1(7) 
-172 .5(8) 
-S7.4(12) 
9.7(9) 
124.8(8) 
-178.3(7) 
-0.2(9) 
-2.9(12) 
17S.I(8) 
170.7(8) 
-4.7(13) 
-9.6(9) 
174.9(7) 
-1 6S .2(9) 
IS.2(9) 
82.3(11 ) 
-97.3(8) 
-14.8(8) 
-1 36.8(7) 
10 1.2(7) 
-20.8(9) 
-0.4( I 0) 
117.4(8) 
-112.6(8) 
S.2(9) 
168.1 (8) 
-69.1 (I 0) 
146.4(10) 
-34.2(13) 
-0.4(17) 
-1 79.8(1 1) 
3.0(18) 
-2.7(18) 
0.0(19) 
-2.3(17) 
177. 1(11 ) 
2.5(19) 
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APPENDIX Ill: X-ray crystal structure of pyrazoline 
173 
Table 1: Crystal data and structure refinement for 173 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Crystal description 
Theta range for data collection 
Index ranges 
Reflections co llected 
Independent re fl ections 
Completeness to theta = 25.00° 
Absorption correction 
Max. and min. transmission 
C14.40 H 17.60 N4.80 06.40 
360.33 
150(2) K 
0.71073 A 
Monoclinic 
P2(1)/c 
(X= 90°. a = 13 .72 1(2) A 
b = 7.2386(12) A 
c = 20.294(3) A 
2008.4(6) A 3 
~= 94.878(3)°. 
Y = 90°. 
5 
1.490 Mg/m3 
0. 11 9mm- 1 
944 
0.39 x 0.24 x 0. 10 mm3 
Colourless lath 
1.49 to 25.00° 
-1 6<=h<= 16, -8<=k<=8, -24<=1<=23 
13721 
3537 [R(int) = 0.0293] 
99.7 % 
Semi-empirical from equi valents 
1.00000 and 0.8 13083 
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Refinement method Full-matrix least-squares on F2 
Data / restTaints / parameters 3537 / 0 / 298 
Goodness-of-fi t on F2 1.252 
Final R indices [I>2sigma(I») RI = 0.0584, wR2 = 0. 1792 
R indices (all data) RI = 0.0708, wR2 = 0.1848 
Extinction coefficient 0.00 I I (7) 
Largest di ff. peak and hole 0.325 and -0.290 e.A-3 
Table 2: Atomic coordinates ( x \04) and equivalent isotropic displacement 
parameters (A2x 103) for 173. U(cq) is defined as one tbird of tbe trace of tbe 
ortbogonalized uij tensor. 
x y z U(eq) 
N( IO) 157(2) 1884(5) 2798(2) 24(1) 
N( ll ) 698(2) 20 13(5) 2279(2) 29( 1) 
C( II ) 128(3) 257 1 (6) 1669(2) 24( 1 ) 
C( 12) 122(3) 994(6) 11 67(2) 23(1 ) 
0 (11 ) 778(2) 538(4) 844( 1) 3 1 (1) 
N(1 2) -787(2) 162(5) 1 136(2) 24(1) 
C( 13) -1 025(3) -1479(6) 736(2) 28( 1) 
C(14) -1453(3) 1072(5) 1492(2) 23( 1) 
0(12) -2307(2) 665(4) 1479(1) 30( 1 ) 
C(15) -925(3) 2634(5) 1877(2) 24(1) 
C(16) -757(3) 2209(5) 2605(2) 23(1) 
C(17) -1 519(3) 2249(6) 3067(2) 26( 1) 
0 (13) -2335(2) 282 1 (5) 29 10(2) 39(1 ) 
0( 14) - 12 13(2) 1634(4) 367 1(1) 26( 1) 
C(18) -1 9 18(3) 1766(6) 41 64(2) 32(1) 
C(19) -1 417(4) 1070(9) 480 1(2) 5 1 (1) 
N(20) 5089(2) 2467(5) 22 11 (2) 26(1) 
N(2 1) 558 1(3) 2774(6) 2799(2) 37( 1) 
C(2 1) 4956(3) 31 64(6) 3325(2) 25(1 ) 
C(22) 4965(3) 1553(6) 3803(2) 26( 1 ) 
0(2 1) 5642(2) 1059(4) 4185(1) 35( 1 ) 
N(22) 4049(2) 736(5) 3744(2) 25( 1) 
C(23) 38 19(3) -904(6) 4118(2) 3 1 (1) 
C(24) 339 1(3) 1596(5) 3288(2) 24(1 ) 
0(22) 2543(2) 11 72(4) 3183(1) 30(1 ) 
C(25) 3926(3) 3 147(5) 296 1 (2) 23( 1) 
C(26) 41 63(3) 2663(5) 2265(2) 22( 1) 
C(27) 3431(3) 2553(5) 1699(2) 23( 1) 
0(23) 2585(2) 3026(4) 1724(1 ) 29(1 ) 
0(24) 3799(2) 1886(4) 11 60(1 ) 26( 1 ) 
C(28) 3155(3) 1872(6) 554(2) 28( 1 ) 
C(29) 3655(3) 740(7) 6 1 (2) 38( 1 ) 
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Table 3: Bond lengths [AJ and angles [°1 for 173 
N(10)-CC I6) 
N(IO)-N( II ) 
N( II )-C(l I) 
CC I1 )-CCI2) 
CC I I )-C(lS) 
CC I2)-0( 11 ) 
CC 12)-N( 12) 
N( 12)-CC I4) 
N(12)-CCI3) 
CC I4)-0(12) 
CC 14)-CC IS) 
CC Is)-C( 16) 
CC 16)-CC 17) 
CC 17)-0( 13) 
CCI7)-0(14) 
0(14)-CC I8) 
CC 18)-CC 19) 
N(20)-CC26) 
N(20)-N(21) 
N(2 1 )-CC2 1) 
CC2 1 )-CC22) 
CC2 1 )-CC25) 
C(22)-0(2 1) 
C(22)-N(22) 
N(22)-CC24) 
N(22)-CC23) 
C(24)-0(22) 
C(24)-CC25) 
CC2s)-CC26) 
C(26)-CC27) 
C(27)-0(23) 
C(27)-0(24) 
0(24)-CC28) 
C(28)-C(29) 
CC I6)-N( 10)-N(II ) 
N( IO)-N( II )-C(I I) 
N( II )-C(l 1 )-C(l2) 
N(l 1 )-C(l 1 )-C(lS) 
CC 12)-CC I I )-C(lS) 
0(11)-CCI2)-N(12) 
O( I1 )-CC I2)-CC 11) 
N( 12)-CC I2)-CC II ) 
1.303(5) 
1.341 (5) 
1.464(5) 
1.530(6) 
1.540(5) 
1.204(5) 
1.38 1 (5) 
1.379(5) 
1.460(5) 
1.207(4) 
1.522(5) 
1.509(5) 
1.462(5) 
1.211(5) 
1.338(5) 
1.453(5) 
1.500(7) 
1.292(5) 
I .338(5) 
1.452(5) 
1.517(6) 
1.538(5) 
1.212(5) 
1.38S(5) 
1.384(5) 
1.458(5) 
1.20S(S) 
1.524(5) 
1.516(5) 
1.462(5) 
1.2 16(S) 
1.333(S) 
1.453(4) 
1.503(6) 
109.6(3) 
113.0(3) 
109.3(3) 
102.9(3) 
104.6(3) 
124.8(4) 
127.2(4) 
108.0(3) 
CC I4)-N(l2)-CC I2) 
CCI4)-N(l2)-CC I3) 
CC 12)-N( 12)-CC 13) 
0(12)-C(l4)-N( 12) 
O( 12)-CC 14 )-CC Is) 
N( 12)-CC 14)-CC Is) 
CC 16)-CC IS)-CC 14) 
CC I6)-CC Is )-CC II) 
CC I4)-C( ls)-CC II ) 
N(J O)-C(J 6)-CCI7) 
N( I O)-CC 16)-CC I5) 
CC I 7)-C(J 6 )-CC 15) 
O( 13)-CC 17)-0( 14) 
O( 13)-CC 17)-CC 16) 
O( 14 )-CC 17)-CC 16) 
CC 17)-0( 14 )-CC 18) 
O( 14 )-CC 18)-C(J 9) 
C(26)-N(20)-N(2 1) 
N(20)-N(2 1 )-CC2 1) 
N(21 )-CC21 )-CC22) 
N(2 1 )-CC21 )-CC2s) 
C(22)-CC2 1 )-CC2S) 
0(21 )-CC22)-N(22) 
0(21 )-CC22)-CC2 1) 
N(22)-CC22)-CC2 1) 
C(24)-N(22)-CC22) 
C(24)-N(22)-CC23) 
C(22)-N(22)-CC23) 
0(22)-CC24)-N(22) 
0(22)-CC24)-CC2S) 
N(22)-CC24)-CC25) 
C(26)-C(25)-CC24) 
C(26)-CC2S)-CC2 1) 
C(24)-C(25)-C(21) 
N(20)-CC26)-CC27) 
N(20)-CC26)-CC2s) 
C(27)-C(26)-CC2S) 
0(23)-CC27)-0(24) 
0(23)-CC27)-CC26) 
0(24)-CC27)-CC26) 
C(27)-0(24)-CC28) 
0(24)-CC28)-CC29) 
AppelldL< III 
11 3.9(3) 
123.5(3) 
122.5(3) 
123.9(4) 
127.7(4) 
108.4(3) 
11 2.2(3) 
101.1 (3) 
104.7(3) 
122.3(4) 
11 3.2(3) 
124.4(3) 
124.4(4) 
122.4(4) 
11 3.2(3) 
11 5.7(3) 
106.8(3) 
109.4(3) 
11 3.7(3) 
11 0.3(3) 
102.8(3) 
105.0(3) 
124.8(4) 
126.8(4) 
108.3(3) 
113.7(3) 
123.8(3) 
122.5(3) 
124.6(4) 
127.2(4) 
108.2(3) 
11 2.6(3) 
100.9(3) 
104.7(3) 
122.8(3) 
113.2(3) 
123 .9(3) 
124.5(3) 
123.1(4) 
11 2.4(3) 
11 6.8(3) 
106.7(3) 
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Table 4: Anisotropic displacement parameters (A2x 103) for 173. The 
anisotropic displacement factor exponent takes the form: -21t2 , h2 a*2U ll + .. . 
+ 2 h k a* b* U12 I 
Ul l U22 U33 U23 U I3 U l2 
N( IO) 17(2) 26(2) 27(2) -3( 1) 2(1) 0(1 ) 
N( II ) 16(2) 46(2) 26(2) 0(2) 3(1) 0(2) 
C( II ) 18(2) 24(2) 28(2) 5(2) 2(2) -3(2) 
C( 12) 18(2) 28(2) 24(2) 7(2) 0(2) 2(2) 
0(1 1) 23( 1) 39(2) 32(2) -1(1) 9( 1) -1 (1) 
N( 12) 21 (2) 27(2) 22(2) 1(1) 1(1 ) -3( 1) 
C(13) 26(2) 33(2) 24(2) -2(2) -3(2) -3(2) 
C(14) 19(2) 25(2) 24(2) 8(2) 0(2) 2(2) 
0(12) 15( 1 ) 36(2) 39(2) 0(1) 2(1) -3(1) 
C(15) 20(2) 22(2) 31(2) 2(2) 5(2) 2(2) 
C(16) 19(2) 20(2) 30(2) -2(2) 1(2) -I (2) 
C(17) 21 (2) 22(2) 34(2) -1(2) 6(2) -2(2) 
0( 13) 17(2) 54(2) 45(2) II (2) 4(1) 8(1) 
0(14) 2 1(1) 31(2) 29(2) -4( 1 ) 7( 1) I ( I) 
C(18) 26(2) 35(2) 36(2) -6(2) 16(2) -6(2) 
C( 19) 43(3) 78(4) 32(3) -3(3) 15(2) -17(3) 
N(20) 19(2) 29(2) 28(2) 3(2) I ( I) -3(1) 
N(2 1) 17(2) 68(3) 26(2) -3(2) 1(1) -8(2) 
C(21) 19(2) 29(2) 27(2) -4(2) 1(2) -6(2) 
C(22) 2 1(2) 31(2) 24(2) -7(2) 5(2) -4(2) 
0(2 1) 23(2) 45(2) 35(2) 3(2) -4(1) -2( 1) 
N(22) 20(2) 29(2) 25(2) -1 (1) 3(1) -4( 1) 
C(23) 31(2) 32(2) 32(2) 5(2) 6(2) -7(2) 
C(24) 23(2) 25(2) 24(2) -8(2) 4(2) 0(2) 
0(22) 17(1 ) 35(2) 38(2) -3(1) 2(1) -6( 1) 
C(25) 19(2) 22(2) 29(2) -4(2) 1(2) -2(2) 
C(26) 19(2) 19(2) 27(2) 0(2) 1(2) 1(2) 
C(27) 20(2) 20(2) 27(2) 1(2) 1(2) 0(2) 
0(23) 20(1 ) 37(2) 30(2) 2( 1) 0(1) 4(1) 
0(24) 18(1 ) 35(2) 23( 1 ) 1(1) - I (1) 5(1) 
C(28) 21 (2) 36(2) 26(2) 1(2) -6(2) 4(2) 
C(29) 34(2) 50(3) 28(2) -4(2) -I (2) 9(2) 
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Table 5: Hydrogen coordinates ( x 104) and isotropic displacement parameters 
(A2x 10 3) for 173 
x y z U(eq) 
H(lI) 347 3774 1490 28 
H(l3A) -1 637 -2018 864 42 
H(l3B) -496 -2385 809 42 
H(13C) -1103 -1135 268 42 
H(l5) -1 245 386 1 1788 29 
H(18A) -2502 1005 4032 38 
H(l8B) -2 128 3063 4213 38 
H(19A) -1 869 1134 5149 76 
H(19B) -841 1836 4926 76 
H(19C) -1 2 12 -213 4745 76 
H(21) 51 17 4367 3551 30 
H(23A) 3187 -1405 3940 47 
H(23B) 3786 -573 4584 47 
H(23C) 4330 -1 836 4081 47 
H(25) 3586 4364 2983 28 
H(28A) 3042 3146 388 33 
H(28B) 25 16 131 7 634 33 
H(29A) 3244 697 -358 56 
H(29B) 3760 -51 7 232 56 
H(29C) 4286 1303 -11 56 
H(2IN) 6240(40) 2720(70) 2840(20) 40 
H(IIN) 1320(40) 2070(70) 2350(20) 40 
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Table 6: Torsion angles [oJ for 173 
C(16)-N(10)-N(II)-C(II) 
N(10)-N(II)-C(l I)-C(l2) 
N( I O)-N( II )-C(l l )-C(l5) 
N( I1 )-C(l I)-C(12)-0(1I ) 
C( 15)-C( 11 )-C(12)-0(1I ) 
N(II)-C(lI)-C(12)-N(l2) 
C( 15)-C( II )-C(12)-N(l2) 
0(11)-C(12)-N(l2)-C(14) 
C( II )-C(12)-N(12)-C(14) 
0(1 1)-C(l2)-N(l2)-C(l3) 
C(1 1)-C(12)-N(l2)-C(13) 
C( 12)-N(12)-C(14)-0( 12) 
C(13)-N(l2)-C(14)-O(l2) 
C(12)-N( 12)-C( 14)-C(15) 
C(13)-N( 12)-C( 14)-C( 15) 
0(12)-C(14)-C( I 5)-C( 16) 
N(l2)-C(14)-C( 15)-C( 16) 
0( 12)-C(14)-C( 15)-C( 11 ) 
N(12)-C(14)-C(15)-C(l I) 
N( II )-C(ll )-C( 15)-C( 16) 
C(12)-C( I I )-C(15)-C(1 6) 
N( I I )-C(l I )-C( 15)-C(l4) 
C(12)-C( 11 )-C( 15)-C( 14) 
N( I I )-N ( I O)-C( 16)-C( 17) 
N( II )-N( 10)-C(16)-C(15) 
C(14)-C( 15)-C( 16)-N( I 0) 
C(11)-C(15)-C(16)-N(10) 
C(14)-C( 15)-C( 16)-C( 17) 
C( I I )-C( 15)-C( 16)-C( 17) 
N( I O)-C( I 6)-C(17)-0( 13) 
C( I 5)-C( I 6)-C(17)-0( 13) 
N(l0)-C( 16)-C(17)-0(14) 
C( 15)-C( 16)-C( 17)-0( 14) 
O( I 3)-C( I 7)-O(l4)-C( I 8) 
C( I 6)-C(17)-O(l4)-C( 18) 
C( I 7)-0( 14 )-C( I 8)-C(l9) 
3.2(5) 
-11 5.2(4) 
-4.4(4) 
-75.7(5) 
174.7(4) 
104.9(3) 
-4.7(4) 
-172.4(4) 
7.0(4) 
4.8(6) 
-175.8(3) 
172.9(4) 
-4.2(6) 
-6.2(4) 
176.6(3) 
74.8(5) 
-106.0(4) 
-1 76.4(4) 
2.8(4) 
3.7(4) 
11 7.9(3) 
-11 3.0(3) 
1.2(4) 
-177.3(4) 
-0.4(5) 
108.8(4) 
-2.3(4) 
-74.4(5) 
174.5(4) 
168.5(4) 
-8.0(6) 
-10.1(5) 
173 .4(3) 
-2.8(6) 
175.7(3) 
-1 78.1(4) 
C(26)-N(20)-N(2 I )-C(2 1) 
N(20)-N(2 1 )-C(2 1 )-C(22) 
N(20)-N(2 I )-C(2 1 )-C(25) 
N(2 1 )-C(2 1 )-C(22)-0(2 1) 
C(25)-C(2 1 )-C(22)-0(2 1) 
N(21)-C(21)-C(22)-N(22) 
C(25)-C(21)-C(22)-N(22) 
0(21 )-C(22)-N(22)-C(24) 
C(2 1 )-C(22)-N(22)-C(24) 
0(21 )-C(22)-N(22)-C(23) 
C(2 1 )-C(22)-N(22)-C(23) 
C(22)-N(22)-C(24)-0(22) 
C(23)-N(22)-C(24)-0(22) 
C(22)-N(22)-C(24)-C(25) 
C(23)-N(22)-C(24)-C(25) 
0(22)-C(24 )-C(25)-C(26) 
N(22)-C(24)-C(25)-C(26) 
0(22)-C(24)-C(25)-C(2 I) 
N(22)-C(24)-C(25)-C(2 I) 
N (2 I )-C(2 1 )-C(25)-C(26) 
C(22)-C(2 1 )-C(25)-C(26) 
N (2 I )-C(2 I )-C(25)-C(24) 
C(22)-C(2 1 )-C(25)-C(24) 
N(2 1 )-N(20)-C(26)-C(27) 
N(2 1 )-N(20)-C(26)-C(25) 
C(24)-C(25)-C(26)-N(20) 
C(2 1 )-C(25)-C(26)-N(20) 
C(24)-C(25)-C(26)-C(27) 
C(2 1 )-C(25)-C(26)-C(2 7) 
N(20)-C(26)-C(27)-0(23) 
C(25)-C(26)-C(27)-0(23) 
N(20)-C(26)-C(27)-0(24) 
C(25)-C(26)-C(27)-0(24) 
0(23)-C(27)-0(24)-C(28) 
C(26)-C(27)-0(24)-C(28) 
C(2 7)-0(24 )-C(2 8)-C(2 9) 
Appe1lllLt III 
2.0(5) 
109.0(4) 
-2.5(5) 
69.4(5) 
179.4(4) 
- 111.9(3) 
-1.8(4) 
177.9(4) 
-0.9(4) 
-3.6(6) 
177.6(3) 
-176.0(4) 
5.5(6) 
3.3(4) 
-175.2(3) 
-76.2(5) 
104.5(4) 
175 .1(4) 
-4.2(4) 
1.9(4) 
-11 3.5(3) 
I 19.0(3) 
3.6(4) 
175.4(4) 
-0.6(5) 
-112.0(4) 
-0.9(4) 
72.1(5) 
-176.8(4) 
-167.7(4) 
7.8(6) 
12.2(5) 
-172.3(3) 
5.2(6) 
-174.8(3) 
-1 69.2(3) 
Table 7: Hydrogen bonds for 173 [A and 0J 
O-H ... A d(D-H) 
N(2 I )-H(2 IN) .. . O(13)# 1 0.90(5) 
N( I I)-H(l IN) ... O(23) 0.86(5) 
N( I I)-H(l IN). .. 0(22) 0.86(5) 
d(H .. . A) 
1.95(5) 
2 .34(5) 
2 .37(5) 
d(O ... A) 
2.849(5) 
3.00 1(4) 
3.059(4) 
<(DHA) 
175(5) 
135(4) 
138(4) 
Symmetry transformations used to generate equivalent atoms: # 1 x+ 1 ,y,z 
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APPENDIX IV: X-ray crystal structure of the I-methyl henzimidazole 
cycloadduct 
181 
Table 1: Crystal data and structure refinement for 181 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient J.l 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
K-goniostat 
9 range for data collection 
Index ranges 
Completeness to 9 = 27.620 
Intens ity decay 
Reflections collected 
Independent reflections 
C2oH24N206 
388.41 
120(2) K 
MoKa, 0.71073 A 
monoclinic, P2 1/n 
a = 12.2557(6) A 
b = 10.764 1(3) A 
c = 14.1749(7) A 
186 1.\4( 14) A3 
4 
1.386 g/cm3 
0.103 mm- I 
824 
a = 90° 
p = 95.573(2)0 
y = 900 
colourless, 0.17 x 0.11 x 0.02 mm3 
4414 (9 range 2.91 to 27.480) 
Bruker-Nonius 95mm CCD camera on 
~ & (j) scans 
2.99 to 27.620 
h - 14 to 15, k - 12 to 13, 1- 18 to 18 
98.9% 
0% 
21475 
4262 (R;n! = 0.0758) 
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Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr] 
R indices (a ll data) 
Goodness-oF-fit on F2 
Extinction coefficient 
Largest and mean shiftlsu 
Largest diff. peak and hole 
3061 
semi-empirical from equivalents 
0.983 and 0.998 
direct methods 
Full-matrix least-squares on F2 
0.0380,0.9248 
4262 / 0 / 258 
RI = 0.0529, wR2 = 0.1035 
RI = 0.0877, wR2 = 0.1159 
1.031 
0.0090(14) 
0.000 and 0.000 
0.257 and -0.211 e A-J 
Table 2: Atomic coordinates and equivalent isotropic displacement parameters 
(A 2) for 182. V,q is defined as one third of the trace of the orthogonalized vij 
tensor. 
x y z Ucq 
CCI) 0.46214(15) O. 13923( 15) 0.17315(12) 0.0173(4) 
N( I) 0.36930( 12) 0.13971(14) 0.11134(10) 0.0 180(3) 
C(2) 0.39573(15) 0.15530( 16) 0.01862(12) 0.0187(4) 
C(3) 0.3332 1(16) 0. 17067( 17) -0.06719(12) 0.02 16(4) 
C(4) 0.39059( 17) 0. 18307( 18) -0.14697( 13) 0.0262(4) 
C(5) 0.50431 (I 7) 0.1 80 13( 18) -0.14092(13) 0.0261(4) 
C(6) 0.56667( 16) 0.16660(17) -0.05426(13) 0.0230(4) 
C(7) 0.51050( 15) 0.1 5508( 16) 0.02504(12) 0.0190(4) 
N(2) 0.54955( 12) 0.1 4390(14) 0.12111(10) 0.0192(3) 
C(8) 0.66585(15) 0. 14298( 19) 0.154 16(14) 0.0250(4) 
C(9) 0.43869(15) 0. 1403 1 (16) 0.26674(12) 0.0187(4) 
CCIO) 0.31358(15) 0.1 4310(16) 0.26722(12) 0.0175(4) 
CCII) 0.27012(14) 0.1 4885(16) 0.15932(12) 0.0174(4) 
C(12) 0.51161(16) 0. 14827(17) 0.35043(13) 0.0211(4) 
0(1) 0.61195(11) 0.15359( 14) 0.35958(9) 0.0298(3) 
0(2) 0.45274(11) 0.1 5365( 12) 0.42789(8) 0.0235(3) 
CC 13) 0.5 1522( 17) 0. 1737(2) 0.51824(13) 0.0296(5) 
C( 14) 0.4333 1(19) 0.1921 (2) 0.58925(15) 0.0408(6) 
C( 15) 0.27286( 15) 0.02965( 16) 0.3 1664(12) 0.0182(4) 
0(3) 0.28710(11) -0.07620(11) 0.29161(9) 0.0241 (3) 
0(4) 0.22135(10) 0.06073(12) 0.39205(8) 0.0214(3) 
C(16) 0.183 12(17) -0.04 164( 17) 0.44716(13) 0.0238(4) 
C(17) 0.14297(19) 0.0122(2) 0.53525(14) 0.0329(5) 
C(18) 0.18549( 15) 0.0527 1(16) 0.1 2380(12) 0.0188(4) 
0(5) 0.1 9131(1 I) -0.01406( 12) 0.05614(9) 0.0260(3) 
0(6) 0.09996(10) 0.05808( 12) 0.17547(8) 0.0209(3) 
C(19) 0.01044( 16) -0.02796( 19) 0.14825(14) 0.0256(4) 
C(20) -0.06313(17) -0.0287(2) 0.2269 1(14) 0.0305(5) 
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Table 3: Bond lengths [A) and angles [0) for 181 
CC I)-N(2) 1.359(2) CC I)-N(I) 1.367(2) 
CC I )-C(9) 1.385(2) N(I )-CC2) 1.394(2) 
N( I)- CC II ) 1.453(2) C(2)-C(3) 1.383(2) 
C(2)- C(7) 1.40 I (3) C(3)-C(4) 1.395(3) 
C(4)-C(5) 1.388(3) C(5)-CC6) 1.390(3) 
C(6)-CC7) 1.379(2) C(7)-N(2) 1.404(2) 
N(2)-CC8) 1.457(2) C(9)-C(l2) 1.41 7(3) 
C(9)-CC I0) 1.534(2) CC I 0)-C(l5) 1.5 16(2) 
C( IO)-CC II ) 1.57 1 (2) CC II )-C(18) 1.51 6(2) 
CC I2)-0(1) 1.225(2) CC I2)-0(2) 1.372(2) 
0(2)- CC I3) 1.443(2) C(13)-CC I4) 1.502(3) 
C( 15)-0(3) 1.211 (2) CCI5)-0(4) 1.336(2) 
0(4)- CC I6) 1.454(2) C( I 6)-CC I 7) 1.502(3) 
C(l8)-0(5) 1.206(2) C(18)-0(6) 1.337(2) 
0(6)-C(l9) 1.459(2) C(l9)-C(20) 1.50 1(3) 
N(2)-C( I)-N( I) 107.63(15) N(2)- C( I )-C(9) 140. 14(1 7) 
N(I)- CC I)-C(9) 112.13(16) C( 1)-N( I)-C(2) 11 0.46(15) 
CC I)-N(I )-C( II ) 11 2.49(14) C(2)-N( I)- CC II ) 135.63( 15) 
C(3)-C(2)-N( I) 133 .1 6(17) C(3)- CC2)-C(7) 121.62( 17) 
N( I )- C(2)-CC7) 105.2 1(15) C(2)-CC3)-C(4) 11 6.40( 18) 
C(5)-CC4)- C(3) 122.00(18) C(4)-C(5)-C(6) 121.29( 17) 
C(7)-C( 6)-CC 5) 117.03(18) C( 6)-C(7)-C(2) 12 1.63(17) 
C(6)-C(7)-N(2) 130.39(17) C(2)-C(7)-N(2) 107.97(15) 
CC 1 )-N(2)-C(7) 108.50(15) C( 1 )-N(2)-C(8) 128.56(15) 
C(7)-N(2)-C(8) 122.91(15) C(1)-C(9)-C(12) 129.05( 17) 
CC 1 )- C(9)-CC 1 0) 107.75( 15) CC 12)-CC9)-CC 10) 122.99( 16) 
CC 15)- C( 1 0)- CC9) 111.11 (14) CC 15)-CC 1 O)-CC 11 ) 11 2.69(14) 
C(9)-CC 1 O)- C( 11 ) 103.95(1 4) N( I)-CC ll )-C(18) 11 2.0 1(14) 
N(I)-CCI I)-C(lO) 103.48(14) C(I 8)- CC 1 1 )-C(I 0) 11 6.92(14) 
0( I)-CC I2)-0(2) 120.90(16) O(l)-C( 12)- C(9) 129.52(17) 
0(2)-CC 12)- CC9) 109.54(16) C( 12)-0(2)-CC 13) 11 6. 19( 15) 
0(2)-CC I3)-CCI4) 106.43(16) 0(3)-CC I5)- 0(4) 124.26(16) 
0(3)-C(l5)-C( 10) 124.00(16) 0(4 )-C(l5)- CC 1 0) 111.74(15) 
C(I5)-0(4)-C(I6) 116.23(14) 0(4 )-C( 16)-CC 17) 107.64(15) 
O( 5)- C( 18)-0(6) 124.85( 17) 0(5)-CC I8)-C(I I) 125.41(17) 
O( 6)- C( 18)-C( 1 I) 109.63(14) C( 18)-O( 6)-CC 1 9) 11 5.93(14) 
0(6)- C( 19)- CC20) 107.3 1 (15) 
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Table 4: Hydrogen coordinates and isotropic d isplacement parameters (A 2) for 
181 
x y z U 
H(3) 0.2554 0.1727 -0.07 16 0.026 
H(4) 0.3506 0. 1939 -0.2073 0.03 1 
H(5) 0.5402 0.1875 -0. 1971 0.03 1 
H(6) 0.6445 0. 1653 -0.0498 0.028 
H(8A) 0.6965 0.226 1 0. 1469 0.037 
H(8B) 0.7040 0.0833 0. 11 67 0.037 
H(8C) 0.6753 0. 11 89 0.22 11 0.037 
H(10) 0.2913 0.220 1 0.2999 0.02 1 
H(11 ) 0.2377 0.2330 0. 1461 0.02 1 
H(13A) 0.5624 0.2480 0.5156 0.035 
H(13B) 0.5623 0. 1009 0.5356 0.035 
H( 14A) 0.38 19 0.258 1 0.5673 0.06 1 
H(14B) 0.47 17 0.2155 0.6505 0.06 1 
H(14C) 0.3928 0.1 147 0.5963 0.06 1 
H(16A) 0.2437 -0.1008 0.4641 0.029 
H(16B) 0. 1230 -0.0865 0.4099 0.029 
H(17A) 0.2044 0.0507 0.5740 0.049 
H(17B) 0. 11 15 -0.054 1 0.57 16 0.049 
H(17C) 0.0868 0.0750 0.5 177 0.049 
H(19A) 0.0396 - 0.11 24 0. 1388 0.03 1 
H(19B) -0.0308 -0.0006 0.0883 0.03 1 
H(20A) -0.0220 -0.0582 0.2854 0.046 
H(20B) - 0. 1255 -0.0840 0.2 101 0.046 
H(20C) -0.0899 0.0557 0.2367 0.046 
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Table 5: Torsion angles [0] for 181 
N(2)-C(1 )- N( 1 )-C(2) -S.01(19) C(9)-C(1 )- N(1 )-C(2) 172.10(1S) 
N(2)-C( I)- N( I)-C( II ) - 173.60(14) C(9)-C(I)-N( I)-C(l l) 3.S(2) 
C( I )-N(1 )- C(2)-C(3) - 174.69(19) C( 11 )-N(1)-C(2)-C(3) -9.8(3) 
C(1)-N(1 )- C(2)-C(7) 4.3S(19) C( ll )- N(1)-C(2)- C(7) 169.20(18) 
N( I)-C(2)-C(3)-C(4) - 179.69(19) C(7)-C(2)-C(3)-C(4) 1.4(3) 
C(2)-C(3)-C(4)-C(S) 0.0(3) C(3)-C(4)-C(S)-C(6) - 1.1 (3) 
C(4)-C(S)-C(6)-C(7) 0.6(3) C(S)-C(6)-C(7)-C(2) 0.8(3) 
C(S)-C(6)-C(7)-N(2) - 177.94(18) C(3)- C(2)-C(7)-C(6) - 1.9(3) 
N( J)-C(2)-C(7)-C(6) 178.93(16) C(3)-C(2)-C(7)-N(2) 177.13(16) 
N( J )-C(2)-C(7)-N(2) -2.06(19) N(1)-C(I)-N(2)-C(7) 3.S8(19) 
C(9)-C(1 )-N(2)-C(7) - 172.2(2) N(1)-C(I)-N(2)-C(8) - 178.72(16) 
C(9)-C(1 )-N(2)-C(8) S.S(4) C(6)-C(7)-N(2)-C(I) 177.99(18) 
C(2)-C(7)-N(2)-C( 1) -0.90(19) C(6)- C(7)-N(2)-C(8) 0.1(3) 
C(2)- C(7)-N(2)- C(8) - 178.77(16) N(2)- C(1 )-C(9)-C(12) 0.2(4) 
N (1 )- C( I )-C(9)-C(12) -1 7S .49(17) N(2)- C(1 )-C(9)-C(1 0) 175.1(2) 
N( I)- C( I)-C(9)-C(10) -0.6(2) C( I )-C(9)- C( I O)-C( IS) 11 9.27(16) 
C(12)-C(9)-C(10)-C( IS) -6S.S(2) C( I )-C(9)-C( I O)-C( 11 ) -2.19(18) 
C(12)- C(9)-C(10)-C( II ) 173.08(16) C( I )-N(1 )-C( 11 )-C(18) - 131.44(1S) 
C(2)- N(1 )-C( II )-C(18) 63 .9(3) C( 1)-N( I)-C( ll )- C( IO) -4.63(18) 
C(2)- N( I)-C( ll )-C(10) - 169.26(18) C( IS)- C(1 O)- C( 11 )- N(1) - 11 6.46(16) 
C(9)-C(IO)-C( II )-N(1) 3.94(17) C( IS)- C(10)- C( II )-C(18) 7.2(2) 
C(9)-C(1 O)-C(II )- C(l8) 127.58( 16) CC I)- C(9)- C( 12)- Q(I) -\.6(3) 
C( I 0)-CC9)-C(12)-O(l) - 17S.78(18) C( I )- C(9)-C( 12)-0(2) 176.46( 17) 
CC \ 0)- CC9)-C(1 2)- 0(2) 2.3(2) 0(1)- C(12)- 0(2)- C(13) 3.8(3) 
C(9)-C(12)-0(2)-CC I3) - 174.44(16) C( 12)- 0(2)-C(13)-C( 14) 173.04(17) 
C(9)-C( I O)-C( IS)- 0(3) -59.4(2) CC II )-CC I 0)- C( IS)-0(3) S6.8(2) 
C(9)-C(10)-C( IS)-0(4) 11 9.38(16) CC I 1 )- C( I O)- C( IS)-O( 4) -124.42(16) 
0(3)- CC IS)-0(4)- C(16) 1.4(3) C( I O)- C( 15)- 0(4)-C( 16) - 177.40(14) 
CC \ S)-0(4)-C(16)-C(17) 171.94(16) N( I)- C( II )-C(18)-0(S) -8.9(2) 
C(10)-C(1 I)-C(18)- 0(S) -128 .02(19) N( I)- C( II )- C(18)- 0(6) 174.80(1 4) 
C( \ O)-C(1I)-C( 18)-0(6) SS.6(2) Q( 5)- C( 18)- 0( 6)- C( 19) 2.5(3) 
CC\ I)-C( 18)-0(6)- C(19) 178.88(14) C( 18)-0( 6)- C( 19)-C(20) 166.92(16) 
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APPENDIX V: X-ray crystal structure of the I-methyl benzimidazole 
derivative 
C(2) 
182 
Table I: Crystal data and structure r efinement for 182 
Chemical formula 
Formula weight 
Temperature 
Radiation, wave length 
Crystal system, space group 
Uni t cell parameters 
Cell vo lume 
Z 
Calculated dens ity 
Absorption coefficient J.! 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data co llection 
Index ranges 
C'6H20NZ0 4 
304.34 
150(2) K 
synchrotron, 0.8462 A 
a=90° 
monoclinic, P2, /n 
a = 10.74 1(1 I ) A 
b = 8.772(9) A 
c = 17.1 2 I(17)A 
1587(3) N 
p = 100.32 1(1 3)° 
y=90° 
4 
1.274 glem) 
0.092 mm- ' 
648 
colourless, 0.2 1 x 0.13 x 0.03 mm) 
1062 (9 range 3.99 to 26.74°) 
Bruker APEX II CCD diffractometer 
(tl rotation with narrow frames 
3.72 to 28 .19° 
h - 11 to 11 , k -9 to 9, I - 19 to 18 
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Completeness to e = 26.00° 
Intensity decay 
Reflections co llected 
Independent re flections 
Reflections with F2>2a 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R ind ices [F2>2a] 
R indices (all data) 
Goodness-oF-fit on F2 
Extinction coeffic ient 
Largest and mean shiftls u 
Largest di fF. peak and hole 
Appendix V 
99.5 % 
6% 
8 147 
2267 (Rint = 0. 1398) 
1433 
semi-empirical fro m equivalents 
0.98 I and 0.997 
direct methods 
Full-matri x least-squares on F2 
0.1296, 0.0000 
2267 / 0 / 203 
RI = 0.0940, wR2 = 0.2248 
R I = 0.1366, wR2 = 0.2554 
1.006 
0.039(8) 
0.000 and 0.000 
0.549 and - 0.399 e A-3 
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Table 2: Atomic coordinates and equiva lent isotropic displacement parameters 
(A2) fo r 182. U,q is defined as one tbird of tbe trace of tbe ortbogonalized Vij 
tensor. 
x y z Ucq 
C(1) 0.0452(5) 0.2354(5) 0.5864(3) 0.0294(13) 
N(I) 0.1 542(4) 0.2907(4) 0.6322(2) 0.0325(1 2) 
C(2) 0.2181 (5) 0.3831 (5) 0.5839(3) 0.0298(12) 
C(3) 0.3293(5) 0.4643(5) 0.6020(3) 0.0371 (14) 
C(4) 0.3665(5) 0.5477(6) 0.5400(3) 0.0381(14) 
C(S) 0.2945(5) 0.5463(6) 0.4646(3) 0.0379(14) 
C(6) 0.1812(5) 0.4659(5) 0.446 1(3) 0.0334(13) 
C(7) 0.1 457(5) 0.3843(5) 0.5081(3) 0.0293(12) 
N(2) 0.0388(4) 0.2937(4) 0.5107(2) 0.0309(1 1) 
C(8) -0.056 1 (5) 0.2503(5) 0.4428(3) 0.0362(14) 
C(9) -0.0506(5) 0. 1430(5) 0.6054(3) 0.0309(13) 
C(10) -0.0382(5) 0.0339(5) 0.6668(3) 0.0324(13) 
0( 1) 0.0580(3) -0.0054(4) 0.7 1443(19) 0.0385(10) 
0(2) -0.1522(3) -0.0378(3) 0.6680 1 (19) 0.0357(10) 
C(11 ) - 0.1 506(5) - 0. 1536(6) 0.7289(3) 0.0434(15) 
C(12) - 0.2825(6) -0.2134(7) 0.72 13(4) 0.064(2) 
C( 13) . 0.1 859(5) 0.2936(5) 0.7 183(3) 0.0355(14) 
C(14) 0.1185(5) 0.4223(6) 0.7529(3) 0.0350(13) 
0(3) 0.0538(3) 0.5 187(4) 0.7 1557(19) 0.0406( 11 ) 
0(4) 0.1440(3) 0.4 144(4) 0.83247( 17) 0.0393(10) 
C(l5) 0.0883(5) 0.5359(6) 0.8755(3) 0.040 1(14) 
C(16) 0.1 537(6) 0.5276(6) 0.9602(3) 0.0486(16) 
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Table 3: Bond lengths [AI and angles [0] for 182 
CC I)- N( I) 1.375(6) CCI)-N(2) 1.383(6) 
CC I)-CC9) 1.393(7) N(1)- CC2) 1.4 19(6) 
N(1)-CCI3) 1.453(6) C(2)-CC3) 1.378(7) 
C(2)- CC7) 1.388(6) C(3)--C(4) 1.405(7) 
C(4)-CC5) 1.38 1 (7) C(5)- CC6) 1.393(7) 
C(6)-CC7) 1.389(7) C(7)-N(2) 1.404(6) 
N(2)-CC8) 1.454(6) C(9)-C(10) 1.410(6) 
CC IO)- O( I) 1.244(6) CC 10)-0(2) 1.380(6) 
0(2)--C( I I) 1.454(5) CC II )-C(12) 1.495(8) 
CC I3)-CCI4) 1.518(7) CC I 4)-0(3) 1.203(6) 
CC I4)-0(4) 1.342(6) 0(4)-CC I5) 1.481(6) 
CCI 5)- CC I 6) 1.495(7) 
N(I)-CC I)-N(2) 107.3(4) N( I)--C( I)--C(9) 131.5(4) 
N(2)- C(1 )- CC9) 121.2(4) CCI)-N( I)-CC2) 108.7(4) 
CCI )-N(1)-CCI3) 127.2(4) C(2)- N( I)-CC I3) 122. 1(4) 
C(3)-CC2)-C(7) 121.7(5) C(3)- CC2)- N( I) 130.8(4) 
C(7)--C(2)-N(I) 107.5(4) C(2)-CC3)--C(4) 11 6.8(5) 
C(5)-CC4)-CC3) 121.0(5) C(4)-CC5)-C(6) 122.5(5) 
C(7)- CC6)- CC5) 11 5.8(4) C(2)-C(7)-CC 6) 122.2(5) 
C(2)-CC7)- N(2) 106.9(4) C(6)-CC7)- N(2) 130.9(4) 
CCI)-N(2)-CC7) 109.6(4) CC 1 )-N(2)-CC8) 124.3(4) 
C(7)- N(2)-CC8) 125.6(4) CC 1 )-CC9)--C(1 0) 126.4(5) 
0( 1 )-CCI 0)-0(2) 11 9.9(4) O(1)-CC I 0)- CC9) 129.3(5) 
0(2)-C( I 0)--C(9) 11 0.8(4) CCI 0)- 0(2)-CC II ) 11 5.6(4) 
0(2)-C(I I)--C( 12) 107.1(4) N (1 )-CC 13 )- CC 14) 111.6(4) 
0(3 )-C( 14 )- 0(4) 124.7(5) 0(3)- CC I4)- C(13) 125 .8(4) 
0(4)-CCI4)- CC I3) 109.5(4) C(14)- 0(4)-C(15) 116.1(4) 
0(4)-CCI 5)-CC I 6) 106.6(4) 
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Table 4: Hydrogen coordinates and isotropic displacement parameters (A. 2) for 
182 
x y z U 
H(3) 0.3784 0.4640 0.6540 0.045 
H(4) 0.4423 0.6058 0.550 1 0.046 
H(5) 0.3233 0.6023 0.4238 0.045 
H(6) 0. 1313 0.4668 0.3943 0.040 
H(8A) - 0.0606 0.1389 0.4390 0.054 
H(8B) - 0.0330 0.2920 0.3942 0.054 
H(8C) -0.1387 0.2906 0.4493 0.054 
H(9) -0.1324 0.1546 0.5738 0.037 
H(II A) - 0.1226 -0.1088 0.7823 0.052 
H(II B) - 0.0917 -0.2369 0.7214 0.052 
H(12A) -0.3393 - 0.1305 0.7305 0.096 
H(12B) -0.2848 - 0.2941 0.7606 0.096 
H(12C) - 0.3100 - 0.2548 0.6678 0.096 
H(13A) 0.2785 0.3063 0.7347 0.043 
H(13B) 0.1618 0.1952 0.7397 0.043 
H(15A) -0.0038 0.5 193 0.87 16 0.048 
H(15B) 0.1018 0.6370 0.8528 0.048 
H(16A) 0.1403 0.4266 0.98 17 0.073 
H(16B) 0.1191 0.6057 0.9912 0.073 
H(16C) 0.2446 0.5450 0.9632 0.073 
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Table 5: Torsion angles [0) for 182 
N(2}-C(1 }-N(I}-C(2) 
N(2}-C(1 )- N( I }-C(13) 
C( I }-N ( I }-C(2 }-C(3) 
C( I }-N( I )- C(2}-C(7) 
C(7)- C(2)- C(3)- C(4) 
C(2)- C(3)- C( 4 )- C(S) 
C( 4 )- C( S)- C( 6)- C(7) 
N( I }-C(2)- C(7)-C(6) 
N(I }-C(2}-C(7}-N(2) 
C( S}-C( 6}-C(7)- N(2) 
C(9}-C( I }-N(2}-C(7) 
C(9}-C( I }-N(2}-C(8) 
C(6)- C(7}-N(2}-C( I) 
C(6)- C(7}-N(2}-C(8) 
N(2}-C(1 )-C(9}-C(1 0) 
C( I )- C(9}-C( 10)- 0(2) 
C(9)-C( I 0)-0(2}-C( 11 ) 
C( I )-N( I)-C( 13}-C(14) 
N(I )- C( 13)- C(14}-0(3) 
0(3)- C( 14)- 0(4)- C( IS) 
C( 14 )-0(4 )-C( IS}-C( 16) 
-I.O(S) 
163.2(4) 
179.2(S) 
O.S(S) 
-O.S(7) 
-0.4(7) 
- 1.1 (7) 
179.4(4) 
0. 1 (S) 
I 79.3(S) 
179. 1(4) 
- 8.4(7) 
-1 80.0(S) 
7.6(8) 
155.0(4) 
- 179.4(4) 
179.7(4) 
-78.0(6) 
-S.2(7) 
-0.8(7) 
- 166.2(4) 
C(9}-C(1 }-N( I }-C(2) 
C(9}-C( I }-N( l}-C( 13) 
C(13)- N(1 }-C(2}-C(3) 
C( 13)- N(1 )-C(2}-C(7) 
N( I }-C(2)-C(3}-C(4) 
C(3)-C(4)-C(S}-C(6) 
C(3)- C(2)- C(7}-C(6) 
C(3)- C(2}-C(7}-N(2) 
C(S}-C(6}-C(7}-C(2) 
N( I }-C(I }-N(2}-C(7) 
N( I}-C( I }-N(2}-C(8) 
C(2}-C(7}-N(2}-C(I ) 
C(2}-C(7}-N(2}-C(8) 
N( I }-C(I }-C(9}-C(1 0) 
C( I }-C(9}-C( 1 O}-O( I ) 
0(1}-C(10}-0(2}-C(11 ) 
C(10)-0(2}-C( ll}-C(12) 
C(2}-N( 1 }-C(l 3)-C(14) 
N( I }-C(13)-C( 14}-0 (4) 
C(13)- C(14}-0(4}-C( IS) 
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-178.7(S) 
- 14.S(8) 
14. 1(8) 
- 164.6(4) 
- 179.0(S) 
1.3(8) 
0.6(7) 
-178 .7(4) 
0.2(7) 
1.1 (S) 
173.7(4) 
-0.8(S) 
- 173.2(4) 
-27.6(8) 
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